REGULATION OF CHEMOKINE EXPRESSIONIN

HUMAN AIRWAY SMOOTH MUSCLE CELLS

Amy Margaret Binnion BSc MBBS MRCP

Thesis submitted to the University of Nottingham fo the degree of

Doctor of Philosophy

May 2010



ABSTRACT

Asthma is an inflammatory disease of the airwayaratterised by airway
remodelling and hyperresponsiveness. New treasraetneeded for patients
with severe asthma whose disease is not contr@lidd currently available
therapies. Asthma pathophysiology is complex, h@mye accumulating
evidence suggests multiple inflammatory pathwayasthma converge onto a
relatively small number of downstream targets thmaty be of therapeutic
interest. These include mitogen activated prokaémases (MAPKS), the pro-
inflammatory transcription factors nuclear fackd-(NF-kB) and activator
protein-1 (AP-1) and transcriptional regulators rsuas histone acetyl
transferases (HATs) and histone deacetylases (HRAGShemokines are
molecules secreted at sties of inflammation, aitvyganflammatory cells and
perpetuating the inflammatory response. Here wdiatl the mechanisms by
which the pro-inflammatory mediator endothelin-1T{E) and the cytokine
tumour necrosis factar- (TNF-a) promoted expression by primary human
airway smooth muscle cells (HASMC) of two importanhemokines,
monocyte chemotactic protein-1 (MCP-1) and eota¥arther, we studied the
mechanisms by which existing asthma therapies (laciing beta agonists
(LABA) and glucocorticoids) modulated TNdstimulated eotaxin expression.
Endothelin-1 stimulated MCP-1 release through astdptional mechanism
involving NF«kB and AP-1; the upstream signalling pathway invdlp&8 and
p44/p42 MAPKs. Previously, this lab showed thatFfddinduced eotaxin
release is also NKB-dependent, involving histone H4 acetylation ag¢ th
eotaxin promoter. Here we found that TNFhduced eotaxin release does not

involve histone H3 acetylation, and that TNFdependent histone H4



acetylation does not occur through alterationstaltHDAC activity or levels
of the key HDACs -1 and -2. Similarly, modulatiof TNF-a effects on
eotaxin expression by glucocorticoids and LABA rmdependent of total
HDAC activity and HDAC-1 and -2 levels. These stisdsupport the body of
evidence suggesting that multiple inflammatory patys in asthma converge
onto a small number of downstream targets, and ratevant to the

understanding and treatment of asthma.
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CHAPTER 1: INTRODUCTION



1.1 Asthma

Asthma is an inflammatory disease of the airwayaratterised by airway
hyperresponsiveness (AHR) and airway remodellidgiR leads to variable
airflow obstruction, manifest clinically by symptsrsuch as cough, wheezing,
breathlessness and chest tightness. The discadaraage in severity through
a continuum from mild and intermittent to persistand severe asthma that
may be life-threatening. Typically, inhaled spagers trigger an early
asthmatic response characterised by bronchocadimtrioedema of the airway
wall and increased mucus secretion, which typicaflyolves within 2 to 3
hours. This is often followed by a late asthmagisponse characterised by a
longer period of bronchospasm, maximal between @ &A hours and

associated with an influx of inflammatory cellstie airways.

Asthma affects around 5.2 million adults in the Udqd its prevalence is
increasing (1). It costs the NHS £889 million ahd UK economy a total of
£2.3 billion per annum. Over 1400 people died flsthma in the UK in 2002
(1). The causes for asthma remain obscure bstkhown that both genetic
and environmental influences play a part. At tivvay level, the clinical

syndrome of asthma is brought about by a complégrptay between a
network of multiple inflammatory and structural vaaty cells. These cells
produce a vast array of biologically active molesuylincluding cytokines,
chemokines, mediators, angiogenic factors, growdittofs and matrix
modifying enzymes, that act in an autocrine andg@are manner to initiate

and perpetuate airway inflammation and remodelling.



1.2 The immune response in asthma

Airway inflammation is fundamental to the pathogesef asthma. The initial
trigger to this cascade of inflammatory responsesensitisation to inhaled
allergen. Allergen is taken up and processed ligem presenting dendritic
cells residing under the airway epithelium, via lg&und to high affinity cell
surface receptors. Following engagement with antiglendritic cells migrate
to local lymphoid tissue. There, they present pssed antigen, loaded onto
MHC class Il HLA molecules, to naive T cells reagliwithin the lymphoid
follicle. This results in activation of the T-calbecific to that antigen, through
co-stimulatory signals mediated by the interactdrCD28 on the surface of
the T cell with CD80 (HLA B 7.1) or CD86 (B7.2) dhe antigen presenting
cell (APC) (2, 3). The activated T-cell subseqlyeakpresses IL-2 receptors,
and proliferation (clonal expansion) is triggereg release of IL-2 from the
APC (4). Activated T-cells migrate back to thehasatic airway under the

influence of chemokines (5).

Activation of T cells by antigen leads to their oration into one of several
different functional subsets, described below, dédpet on their cluster
differentiation (CD) marker status, and the inflaatary milieu. CDZ cells
have the capacity to differentiate into T helpe(Thl), T helper 2 (Th2),
regulatory T cells (Treg) or Th17 cells. CD&ells develop into cytotoxic T
cells (Tc). The level of IL-12 secretion by denidrcells affects the balance of
Th1 versus Th2 responses, IL-12 shifting the balaowards the Thl response

(6). Asthma is characterised by a predominantlg phenotype (7).



Th2 cells are characterised by the production e# IILL-5 and IL-13, and the
presence of CCR4 and CCRS8 receptors on their ceface (4, 8). Their
physiological role is to protect against extradallu parasites through
interaction with, and stimulation of antibody pration by, B cells. Human
and animal studies support the concept of a Th2imkmh response in
asthmatic airway inflammation. Th2 cytokines atevated in asthmatic
patients at baseline and after subsegmental afieellenge ((8) and
references therein). The Th2 cytokine IL-13 isrexpressed in patients with
asthma (9, 10) and, furthermore, its expressioreiated to the degree of
eosinophilic inflammation (11). In murine modelsasthma, IL-13 was both
necessary and sufficient to cause airway hyperrespeness (AHR) (12), and

depletion of CD4 lymphocytes abolished AHR (13).

B lymphocytes, like T-cells, express surface remespspecific for a particular
antigen. When a B-cell encounters its specificigant it internalises,
processes and presents it to activated Th2 cellgain, in association with
specific co-stimulatory signals (ie CD40 ligandtbe T-cell surface and CD40
on the B cell), IL-2 stimulation promotes clonalpaxsion of the B-cell. The
B-cell then differentiates into a plasma cell armtretes large amounts of
soluble antibody corresponding to its specific acefreceptor. IL-4 and IL-13,
secreted by Th2 cells, promote isotype switchinghef B-cell to release IgE
(4), which can then bind to high affinity receptorsthe surfaces of mast cells.
Subsequent exposure to the relevant inhaled atlesgess links the IgE on the
mast cell surface, causing degranulation and dsiiveof asthmatic airway

inflammation.



1.3 Role of other immune cells in asthma

1.3.1 T helper 1 cells

Thl cells are defined by the secretion of interfeyo (IFNy) and tumour
necrosis factop (TNF B) (4). Their role in asthma is unclear, with castihg
evidence as to whether they augment or attenuatemasc airway
inflammation. For example, some studies found liaatls of INF and TNFx
were elevated in the bronchoalveolar lavage flBALF) of patients with
asthma (14) and correlated with disease severiy fdggesting that Thl cells
may contribute to the asthma phenotype and maysbecated with more
severe disease. In support of this hypothesigtadotransfer of Thl cells in
one mouse model of asthma caused severe airwaynmmfation. In contrast,
however, similar experiments in different animal dals demonstrated
inhibition of airway inflammation and AHR by Thllseand IL-16 (which
promotes differentiation of CD4cells towards a Thl phenotype) (16-18). In
keeping with a potential negative regulatory effe€tThl cells, Kruget al
found a reduction in IFdproducing cells in asthmatic patients after segaien
allergen challenge (19). Perhaps most importantlyasthmatic patients,
inhaled IFN' had no effect on symptoms, lung function or BAL#Sieophil

counts (20).

1.3.2 Regulatory T cells
Tregs are important regulators of autoimmunity.eylare naturally generated
immune cells thought to be part of the host defemeghanism limiting the

pathogen-triggered immune response, before it besoaverwhelming and



causes excessive tissue damage. Thus, it has Hygeithesised that Treg
recruitment into the asthmatic airway could supptergic inflammation. In
support of this hypothesis, Treg levels were reduneBALF of children with
asthma (21), normal patients had a higher frequeh@gripheral blood Tregs
compared to atopic patients, whereas atopic patibatl higher peripheral
blood levels of Th2 cells (22) and levels of Tregsre reduced in individuals
with allergic rhinitis (23). Furthermore, the Teegf atopic patients were less
able to suppress allergen-induced T-cell proliferatin vitro (23).
Interestingly though, in another study, whilst T§egere again found to be
decreased in atopic versus non-atopic childrenheénatopic group, the levels
of Tregs were actually higher in those with moreese disease compared to
those with mild disease. Functional assays coefifrithe competence of the
Treg cells from this group (24). The authors spsteuthat Tregs may be
generated as a response to atopy and diseasetygevidie concept that Tregs
may downregulate allergic inflammation is supported animal studies
showing that adoptive transfer of Tregs into akergensitised mice prevented
allergic airway inflammation and AHR (25, 26). Hewer, their role in asthma

remains unclear.

1.3.3 Th17 cels

Little is known about the role of these recentlsatébed CDZ T cells in
asthma. Thl17 cells and their main product, IL-Bfe important in
inflammatory and autoimmune diseases (27). IL-B& lbeen linked to
neutrophilic lung inflammation and AHR in a mousedal (28), and release of

neutrophil chemokines from airway epithelial ceéfisitro (29). IL-17 mRNA



levels were increased in the sputum of asthmatiemts, and correlated with
sputum neutrophil numbers (30). Th17 cells cao akscrete IL-21, which
inhibits Treg development (31) and IL-22, which magltiple actions on non-
immune cells in various organs, including the lungsviewed in (32)).
However, more work is needed to fully understargl ible of Th17 cells in

asthma.

1.3.4 Natural Killer T Cells

Natural killer T (NKT) cells are a sub-populatio ® lymphocytes that
function to recognise and Kill virally infected Isednd tumour cells. Their role
in asthma is controversial. Akbasi al have proposed an important role for
NKT cells in asthma based on their observations ttiese cells formed more
than 60% of the CD4lymphocyte population in the BALF of patients with
asthma (33) and that, in a mouse model, NKT ceksewessential to the
development of allergen induced AHR (34), a findsugported by others (35).
However, others, who have criticised the methodploged by Akbarit al,
showed the proportion of NKT cells in BALF of asthtic patients to be less
than 2.5% of the total lymphocyte population (38) &nd, furthermore, these
cells were _notequired for the development of allergic airwaffammation in

a different mouse model (38). The role of NKT selh asthma remains

uncertain.

1.3.5 Cytotoxic T cells
Like Th17 and NKT cells, there is uncertainty surnding the role of CD8Tc

cells in asthma. Sputum CDg&ells from asthmatic patients were found to



release higher levels of IL-4, IL-5 and lifNompared to those from non-
asthmatic controls (39) suggesting a role for tleedls in asthma pathogenesis.
In a CD8 deficient mouse model, ovalbumin-stimulated AHRI aairway
inflammation was significantly reduced, and adopttvansfer of CD8 cells
restored these responses (40). In contrast,eDabkfound that depletion of
CDS8' cells had no effect on the development of alleagizvay inflammation
(38). Several studies have found correlations eetwthe number or activity
of Tc cells and asthma severity (39, 41, 42) amdl\asthma exacerbations,
particularly fatal exacerbations (reviewed in (43Jggesting these cells may
assume more importance in severe disease. Howeearexact role remains

unclear.

1.3.6 Mast cells

Mast cells are tissue cells housing numerous gesntdntaining a host of pre-
formed mediators, including leukotrienes, histamingptase and some
cytokines. They bear high affinity ERI IgE receptors on their surface.
Crosslinking of these receptors, on binding of gartrassociated IgE, triggers
mast cell activation and degranulation, with thiease of both preformed and
newly synthesised (PGDthromboxanes) mediators. These mediators can
both trigger bronchoconstriction and contributeptiyh their effects on other
immune cells and airway structural cells, to ongaairway inflammation. As
described in section 1.4.6.1, there is currentr@stein the observation that
mast cells migrate into airway smooth muscle (A®Mndles in asthma, where
it is thought that they may also contribute to teeodelling response through

effects on smooth muscle cell proliferation and rmatleposition (44, 45).



Tryptase released from mast cells may also corng&ibm airway remodelling
through its action on protease-activated receptpe 2 (PAR2). PAR2 is
present on many cell types, including epithelidls¢dibroblasts, ASM, and

inflammatory cells (5) and its activation induceSM proliferation (46).

As well as its effect on the early asthmatic resgomast cell activation is also
thought to contribute to the late asthmatic resporidast cell activation leads
to the release from mast cell granules of certgiokines, including TNF,

IL-4 and IL-5 (47, 48) as well afe novo synthesis, and thus sustained release,
of certain of these cytokines (49), thereby contiiiy to continued
inflammation. In support of the mast cell's dualerin the early and late
asthmatic responses, is the observation that ttidgkhmonoclonal antibody

omalizumab inhibits both responses (50).

1.3.7 Eosinophils

Eosinophils are terminally differentiated polymoopliclear granulocytes
whose physiological function is to protect the hagfainst large parasitic
infections. Maturation of granulocyte precursonstihe bone marrow into
eosinophils is brought about through the sequenttéibn of IL-3 and GM-
CSF, which commit the immature granulocyte to tlesimophil lineage,
followed by maturation and recruitment to the asttimairway under the
influence of IL-5 and eotaxin (51, 52). Airway eugphilia is a consistent
finding in patients with asthma (53), with the epiten of a subgroup of
patients with severe asthma who may demonstratedneosinophilic and

neutrophilic inflammation, or neutrophilic inflamt@n alone (54).



Eosinophil numbers correlate with disease sevedBB), and the dramatic
reduction in sputum and tissue eosinophils onnmeat of asthma with inhaled
or oral glucocorticoids, associated with clinicedprovement, is the central
facet of the idea that eosinophils are fundametttahirway dysfunction in
asthma (55, 56). Eosinophils contribute to airwiaflammation and
remodelling through the release of several chensskincytokines and
mediators. Release of chemokines such as regubatedttivation, normal T-
cell expressed and secreted (RANTES) and IL-8 ptesnecruitment of more
eosinophils and other inflammatory cells. A hdstyiokines may be released
by eosinophils (57), which not only have proinflaatory actions on other
structural and inflammatory cells within the airwdyut may also enhance
eosinophil survival (58). Perhaps more importahbugh, are the multiple
mediators released by eosinophils that can congilba airway remodelling
through their direct effects on airway tissuessikophils synthesise a range of
cytotoxic mediators, including major basic prote(MBP), eosinophil
peroxidise (EPO), eosinophil cationic protein (EGId eosinophil-derived
neurotoxin (EDN), that are stored in granules aelkkased on activation.
Eosinophils and their mediators have been shovaatge direct damage to the
epithelial layer (59, 60), causing epithelial dataent and cell lysis and
thereby contributing to airway remodelling (seeti®ecl.4.1.1). Furthermore,
MBP causes increased ASM hyperreactivityvitro (61), and its levels in

BALF correlate with AHR (62).

The central paradigm that eosinophils are the ladlg anediating asthmatic

airway inflammation and AHR has been challengeémtyg by the observation

10



that administration of a monoclonal antibody agaib<sb, which is essential to
eosinophil maturation, had negligible effects orflav and AHR despite a
greater than 80% reduction in circulating and sputaosinophils (63).
However, despite the reduction in blood and spuaosinophil count, lung
parenchymal eosinophil levels were reduced to anesser degree, leading to
the suggestion that the remaining eosinophils caatmbunt for the continuing
symptoms (64). Furthermore, eosinophils entermegairway lumen lose their
surface receptors for IL-5, but display enhanceetlte of receptors for GM-
CSF, another eosinophil activating cytokine, sutiggsthat eosinophil
activation in the airways may be IL-5-independd®)( Interestingly, a recent
study demonstrated a significant reduction in eszateons following anti IL-5
therapy in a population of patients with refract@sthma and eosinophilic
airway inflammation (66), whilst confirming earliebservations of a lack of

effect on airflow, symptoms and AHR.

There is certainly evidence to support a role fosigophils in airway
remodelling, in that eosinophil depletion signifitlg reduced deposition of
several matrix proteins in the subepithelial lag@r). Further support for a
role of eosinophils in airway remodelling, but rAaHR, comes from the
observation that in eosinophilic bronchitis, a d&ethat shares many features
with asthma but lacks AHR, subepithelial and inprdeelial eosinophil
infiltration is observed, in association with sulteelial fibrosis (68).
Undoubtedly eosinophils play an important role e tasthmatic airway, but

the exact nature of their role remains unclear.

11



1.3.8 Neutrophils

A subgroup of patients with asthma demonstrate kedaairway neutrophilia

and this appears to be associated with a moreesebhenotype (54, 69). It has
been argued that neutrophilic inflammation in sevesthmatics is a

consequence of treatment, as the majority of tpasients take long term oral
glucocorticoids, which enhance neutrophil survivAlcounterargument to this
is that the relative steroid resistance of neutilspmay explain the poor

response to corticosteroids seen in refractoryagise Interestingly, Ordofieg

al found significantly elevated levels of neutrophiland the neutrophil

chemokine IL-8, in the tracheal aspirate of patdantubated for acute severe
asthma, compared to patients intubated electivalyndbn-pulmonary surgery,

yet, perhaps surprisingly, only five of the tenigatis studied were taking
inhaled corticosteroids or maintenance oral sterafd0), supporting the

concept that neutrophilic inflammation is a priméeature of severe asthma
rather than a consequence of therapy. Furthernmaetrophil numbers in

severe asthma correspond to indices of airway damagd reduced

glucocorticoid responsiveness.(71, 72) It is thduthat this neutrophilic

phenotype is associated with more aggressive @gigeasllting in greater tissue
destruction and airway remodelling. As describedsection 1.4.1.2, mucus
hypersecretion may contribute to airway narrowing accelerated decline in
FEV; in chronic asthma. Neutrophils may contributehie through secretion

of neutrophil elastase, a potent secretagogueulmmacosal gland and goblet

cells (73).

12



Evidence that neutrophils contribute to airway rdeling comes from a
number of observations. Neutrophils from patiemith asthma release higher
levels of the profibrotic cytokine transforming grith factorp3 (TGH3) (74). In
severe asthma, high levels of a neutrophil-sped¢dien of MMP-9, HMW
MMP-9, were elevated in BALF and correlated withutmephil numbers.
Glucocorticoids were significantly less effectivesuppressing HMW MMP-9
MRNA and protein in severe asthmatics than in ot {i75). Furthermore, the
ratio of MMP-9 to its endogenous inhibitor, tissumhibitor of
metalloproteinase 1 (TIMP-1) was reduced in sewssthima, and correlated
positively with FEV (76). Thus it seems likely that these cells pagore

prominent role in severe asthma associated withagiremodelling.

1.3.9 Monocyte macrophages

Macrophages are derived from circulating monocytésch migrate to the

lungs in response to chemokines such as monocyenatactic protein-1

(MCP-1), and differentiate into macrophages unteribfluence of GM-CSF.

Macrophage numbers are elevated within the airwaigasa of asthmatics
(77), yet their role in asthma is unclear. Macagds are APCs that, when
activated, can release several mediators that énbBuenchoconstriction, such
as prostaglandins and leukotrienes (78). Theyadgse a source of tissue
damaging reactive oxygen species and lysosomal neggy (5, 78).

Interestingly, a recent study in a mouse model sthrmaa found that

macrophages were the dominant source of the cyoKinl7 (79). This

cytokine is thought to be important in neutrophiiidlammation in asthma

(discussed in section 1.3.3) and, by inferencs, shudy supports an important
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role for macrophages in this disease. In a resemty alveolar macrophages
were found to be dysfunctional in children withretd resistant asthma,

suggesting these cells may be important in cotirogl-resistant disease (80).
Overall, however, little is known about the rolenshcrophages in asthma and

more studies are required.

1.4 Structural changes in the asthmatic airway

Chronic inflammation in asthma leads to structuwtznges in the airways in
asthma collectively termed airway remodelling. Jdechanges include
changes in the epithelium and subepithelial laydrs,latter including matrix

abnormalities and alterations of the airway smaotiscle layer.

1.4.1 Epithelial abnormalities

1.4.1.1 Epithelial desquamation

Epithelial denudation has been reported to be asae in biopsy specimens
and post mortem specimens from patients with astbomapared to healthy
controls, leading to the hypothesis that disruptdrthe protective epithelial
layer results in alterations in host defences asganses to exogenous stimuli
(81-84). Further, Chaneat al found that epithelial shedding occurred in
untreated asthmatics but not in corticosteroid-ddpat asthmatics treated
with oral corticosteroids, or healthy controls (85) The observation that
epithelial desquamation occurs in asthma is supgolty observations of
increased numbers of epithelial cells in BALF ofigiats with asthma (62). It
has been proposed that an intrinsic weakness cégttielial layer in patients

with asthma contributes to epithelial desquamatiofhis hypothesis is
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supported by the observation that the columnahelpitm lining the bronchi of

asthmatic patients has less contact area with délsal bamina than in healthy
controls (86). Furthermore, electron microscopydss have also shown a
reduction in epithelial cell desomosome lengthsthmatic patients compared

with healthy controls (87).

It has been suggested that epithelial desquamataynbe an artefact of tissue
sampling, that is, the biopsy itself may cause dgara the epithelium. This is
because some studies of the cellular compositioBAIfF and sputum have
shown no difference between numbers of epithelglscfrom asthmatic
patients and healthy controls (88, 89). Furtheepane study found both
epithelium-denuded areas and intact epithelium ron¢hial biopsies from
healthy volunteers and asthmatic patients, with diiferences observed
between the two groups (90). However, two obs@mat support the
hypothesis that epithelial damage occumsvivo. CD44 is an adhesion
molecule which is found on basal epithelial ceksnaining after damage.
CD44 immunoreactivity is higher in areas of damagpithelium. Lackiet al
found that expression of CD244ells was increased in the epithelium of
asthmatic patients compared with controls. Otheadiss have found elevated
levels of staining for epidermal growth factor netwe (EGFR), known to be
involved in epithelial repair processes, in thenotoal epithelium of asthmatic
patients compared to healthy control subjects @), These observations
support the concept oin vivo epithelial damage in asthma. Proposed

mechanisms of bronchial epithelial shedding in msthnclude direct toxicity
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of eosinophil major basic protein to epithelial lse{93, 94) and intrinsic

weakness of epithelial attachment as discussedeabov

Although the widely accepted paradigm in asthmathat it is chronic
inflammation that leads to airway remodelling, Fedeet al have proposed
that epithelial stress and injury may lead to @ula deposition and
subepithelial fibrosis, based on their finding éreased EGFR staining in the
bronchial epithelium of asthmatic children (a markef epithelial
activation/injury) associated with increased cadlagleposition and thickness
of the lamina reticularis. These changes were seeihe absence of any
increase in eosinophil numbers (92 vitro models of epithelial injury have
been shown to cause increased fibroblast prolierathrough release of
growth factors including fibroblast growth factoFGF), platelet derived
growth factor (PDGF), ET-1 and TGF{95, 96). Thus the authors speculate
that airway remodelling in asthma may occur assalteof epithelial stress,
independently, to some degree, of inflammationti@aarly as the structural
changes were seen in children, including those witly moderately severe

asthma.

1.4.1.2 Goblet Cell Hyperplasia

Asthma exacerbations are frequently characterigesphtum production and,
furthermore, fatal asthma is commonly associatetl wiucus plugging of the
airways (97). The mechanism of mucus hypersecareti® probably

multifactorial, but one consistent finding is tldtgoblet cell hyperplasia in the

airway epithelium of patients with asthma. Somel®s have found goblet
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cell hyperplasia to be much more marked in patiesits have died from acute
severe asthma (98), but a more recent study foundas changes in the
airway epithelium of patients with mild to moderatsthma (99). The same
study found that the volume of stored mucin in gbliells in the airway
epithelium was higher in asthmatic patients ovetain healthy controls, that
stored mucin levels were (non-significantly) highar mild than moderate
asthmatics, and that secreted mucin was significéngher in moderate than
mild asthma (99). This may have important cliniicaplications, since mucus
hypersecretion is associated with accelerated rieadl forced expiratory
volume in one second (FE)in both non-smokers and smokers with asthma
(100). As well as mucus plugging in acute sevesthraa, mucus
hypersecretion may contribute to airway narrowingganing that a more
pronounced effect may be produced for a given degifesmooth muscle

contraction (bronchoconstriction).

1.4.1.3 Subepithelial fibrosis

Subepithelial fibrosis refers to the thickening etved in asthmatic airways of
the layer immediately below the basement membravialtiple studies have

shown an increase in subepithelial fibrosis in@stl{101-103). The degree of
subepithelial fibrosis correlates with the sevelity4) but not the duration
(105) of disease. Interestingly, although onefodnd that treatment with an
inhaled corticosteroid (ICS) for four weeks hadeftect on thickness of the
subepithelial layer (101), another study in whickatment with ICS was

continued for 12 months showed significant redungtion the thickness of the
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subepithelial layer (106), suggesting that subefighfibrosis is a consequence

of airway inflammation.

1.4.2 Increased vascularity of the airways in asthma

Several studies have shown that there is an iner@asbronchial wall
vascularity in asthma. This has been observedhat macroscopic and
microscopic level. Hashimot al studied the number of vessels and extent of
vascularity of the small and medium airways of gratts with asthma compared
to healthy controls (107). They found that the bemof vessels and
vascularity of the airways was increased in astlosiat This difference was
most marked in the medium airways, where there alas a significantly
greater degree of vascularity in moderate compdoedmild asthmatics.
Furthermore, vascularity of the medium (but not bn@aarways was inversely
correlated with FEY. Interestingly, treatment with ICS for one yeadmo
effect on vascularity of the asthmatic airways.isTdontrasts with other studies
that found a reduction in airway vascularity foliog treatment with ICS (108-
110), although the same effect was not observed avibow dose of ICS (109).
The differences may be due to differences in spmjyulations or in the dose

of ICS.

A number of candidate angiogenic factors are thotmlpromote the vascular
changes seen in asthmatic airways, perhaps the impsttant of which are
vascular endothelial growth factor (VEGF) and timgiapoietins, Angl and
Ang2. These are thought to play distinct but cowtkd roles in the

angiogenic process. In embryonic development, VEGRvolved in primitive
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new vessel formation, whereas Angl, acting akiteptor Tie2, is essential for
vessel maturation (reviewed in (111)). Ang2 issome contexts a natural
antagonist of Angl. Whereas Angl is widely expedssn normal tissues,
Ang2 is expressed mainly at sites of vascular restiod (112). Levels of
VEGF and Angl, but not the VEGF receptors, VEGFRA 2, were shown to
be significantly higher in bronchial biopsies fropatients with asthma
compared to controls. VEGF levels were also etvah the BALF of
asthmatic subjects (113). Furthermore, ICS redWBGF but not Angl
staining in the airways of asthmatics treated W@B compared with placebo

(110).

Increased airway vascularity may contribute to dethma phenotype through
several mechanisms. The microvascular bed is stautial component of the
airway wall, and even small alterations to thekhess of the inner airway wall
can contribute to enhanced airway narrowing (11&urther, the increased
vasculature may facilitate influx of inflammatoryells and exudation of
inflammatory mediators, particularly if there is @ssociated increase in
vascular permeability. Finally, the increase isatdature may contribute to
AHR by supporting the airway smooth muscle layehicl is thickened in
asthmatic airways. An alternative hypothesis & the increased vasculature
may have a protective effect by increasing traffigkof inflammatory cells
and mediators away from sites of inflammation. Tboenmer hypothesis is
supported by studies in a mouse model of asthmavelk of VEGF were
elevated in the lungs of these mice, and VEGF tecemtagonists inhibited

inflammatory cell influx and AHR in this model. Foermore, some (108,
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115), but not all (110, 116), studies of ICS anavay vascularity in humans
have shown an inverse correlation between measfrésng function and

airway vasculature.

1.4.3 Airway smooth muscle layer

It is generally accepted that there is an incré&ageSM mass in the airways of
patients with asthma compared to control subjedtse first study examining

the amount of ASM in asthmatic airways dates backd22 (117). This study
compared the airways of patients with fatal asthorthose of patients who had
died suddenly of non-respiratory conditions. Théhars found an increase in
smooth muscle layer thickness in the asthmatic grosubsequent studies
have confirmed this finding in patients with fassthma (118, 119). However,
in cases of non-fatal asthma, increased ASM thigkns a less consistent
finding with some (118, 120, 121) but not all (1122) studies showing an
increase. Although such studies are fraught withoretical technical

limitations (reviewed in (123)), it is likely than increase in ASM thickness
forms part of the remodelling process observedthraatic airways, at least in

severe/fatal asthma.

Similarly, the literature is conflicting regardinghether the increased ASM
observed in asthmatic airways is due to hypertraphyyperplasia of the ASM
layer. Woodruffet al found an increase in cell number but not sizehia t
airways of patients with mild to moderate asthmiangared to normal controls
(120). In contrast, another study found that AS#scwere increased in size

across all asthma groups, that is, those with nmtegnt, persistent mild-to-
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moderate and persistent severe asthma (121). thefustudy defined two
subgroups of asthmatic patients, one in whom oglyelplasia of the larger
bronchi was observed, with no evidence of cellalgsertrophy, and a second
group in whom hypertrophy predominated and was seeall levels of the

bronchial tree, with only mild hyperplasia seen4)12

The amount of ASM in the airway is determined bg balance between cell
proliferation and cell death. A number of growttttbrs have been shown to
promote ASM proliferationn vitro, several of which are found in elevated
amounts in the asthmatic airway (125). A less wtidied area is ASM cell
apoptosis. Freyeet al showed that various components of the extracellula
matrix (ECM), which is known to be deposited in regsed amounts in
asthmatic airways (126), inhibit ASM cell apoptosi$he authors postulate
that this may contribute to airway remodelling strama by promoting ASM
survival and hence contributing to the increasedwrhof ASM found in the

asthmatic airway (127).

One further mechanism which may contribute to AS8duanulation in the
airway is cell migration. This function of ASM hamly recently been
identified. Migratory responses of ASM have bediservedin vitro (128,
129) and, furthermore, ASM migration can be modidaby a variety of
factors, including matrix components (130), growfrctors (131), lipid
mediators (132), glucocorticoids afid adrenoceptor agonists (133). On this
basis, two hypotheses have been proposed (125¢. fifgh is that ASM cells

might migrate out of the muscle bundles towardsldingen, thus contributing
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to the appearance of myofibroblasts in the subnmalcgsace; the second that
myofibroblasts outside the muscle bundles may regtaward the bundles,
precipitating a change of phenotype to that of ma&mooth muscle, thus
adding to its overall content. Studies of ASM raigyn are still in their
infancy and it remains unclear what if any conttid migration makes to
overall ASM accumulation in the asthmatic airwayowever, if cell migration
does indeed make a significant contribution to aywemodelling, this would

provide an exciting new target for therapeuticrivéation in asthma.

1.4.4 Functional significance of increased ASM in asthma

There are several potential functional consequentean increase in ASM

amount in asthmatic airways.

1.4.4.1 Reduction in airway calibre and incred®eeck generation

Early studies concluded that the increase in smontbcle mass in the airways
of people with asthma could account for the incedagsistance in response to
bronchoconstrictor stimuli through two mechanisnisrst, the ASM bulk in
itself, as well as other components of airway reeflody including
subepithelial fibrosis, would cause a reductiomimvay calibre, thus a greater
degree of airflow limitation would be produced foigiven degree of smooth
muscle contraction (114). Second, the greater atm@uASM would result in

a greater degree of bronchoconstriction in respomsgimulation (134, 135).
However, mostn vitro studies have not shown an increase in force ptauc
in response to various stimuli in bronchial prepares from asthmatic patients

((136) and references therein). It has been petsilthatin vitro force
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production may not reflect the ability of ASM toasten, which is thought to
cause airway narrowinign vivo (137). There is evidence from animal models
to support this, in that force generation does matessarily correlate with
ability of ASM to shorten (138). Finally, it hagdn argued that increased
shortening velocity, rather than force generatimay be the more important

determinant of bronchoconstrictiomvivo (139).

1.4.4.2 Altered contractility of ASM

Another possibility is that ASM in the remodelledrwaay has altered
contractile properties. Two potential mechanismay maffect ASM
contractility: (1) length adaptation, or (2) altérexpression or phenotype of
the smooth muscle contractile apparatus. The phenon of length
adaptation refers to reduced stretch/length ohthecle, which may occur as a
consequence of airway wall thickening. This woualidbw the muscle to
chronically adapt to a shorter length, resultinginoreased shortening and
luminal closure upon exposure to bronchoconstricimuli (140). Many
investigators have explored the possibility of r@teexpression or function of
the contractile apparatus in asthmatic ASM. Argsenet al showed an
increase in the amount and velocity of ASM shortgnn a canine model of
asthma, compared to unsensitised controls (141). kdeping with this
observation, canine ASM of sensitised animals veamd to have increased
myosin light chain kinase (MLCK) content and actasiyp ATPase activity
(142). More recently, it has been shown that hurA&M from asthmatic
patients expresses greater quantities of MLCK mRN#&n controls, with an

associated increase in shortening capacity andciael@l43). Similarly, in
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another study, tissue from asthmatic patients eseck increased MLCK
compared to controls and levels correlated withhraat severity (121). In
contrast, a further study found no difference betwasthmatics and controls in
expression of genes related to a hypercontractienptype (120). However,
there isin vitro evidence to suggest inflammatory stimuli may augnfesSM
contraction by affecting intracellular calcium sadjimg, or other mechanisms
including increased RhoA/Rho kinase pathway adbwat persistentp2
adrenoceptor activation or increased phosphodeestet expression (reviewed
in (144)). It remains unclear whether asthmaticMA®as an intrinsic
difference in contractile properties, or whethehats normal contractility but
shortens to a greater extent due to the increasas| of contractile agonists
and inflammatory mediators liberated in the astlheraitway. However, what
has become clear is that, in addition to its catitea properties, ASM has
important synthetic functions, which in themselwasyy contribute in an
autocrine and paracrine manner to ASM contractioeh laronchoconstriction,
as well as contributing to airway inflammation aremodelling, discussed

below.

145 Synthetic functions of ASM

Over the last decade or so, it has become cledr ABM cells are key
contributors to the inflammatory and remodellingpgesses in the asthmatic
airway (145-147). This group and others have shthah ASM has important
synthetic functions and can contribute to chronigflammation and
remodelling in chronic asthma through productidnneediators (148-151),

chemokines (152-157), cytokines (158), growth fexctq159), matrix

24



metalloproteinases (160, 161) and angiogenic facth62). These factors
have the capacity to contribute to inflammation amthodelling through a
variety of mechanisms. The release of chemokiye&3M contributes to the
recruitment of inflammatory cells including eosimdp, T-lymphocytes,
neutrophils, and monocyte-macrophages. The pramucf cytokines (158)
and pro-inflammatory mediators, such as RP@ER9), provides a mechanism
by which ASM can act not just on other structunadl anflammatory cells in
the airway, but also in an autocrine manner tohfurtincrease release of
biologically active molecules contributing to infianation and remodelling
(152). Growth factors released by ASM may contebto remodelling by
promoting proliferation of structural airway celldMMPs selectively degrade
ECM components; thus, as discussed in section,lidalances between
MMPs and their inhibitors, TIMPs, may contributetigsue damage and some
of the remodelling features seen in asthma. Famgie, MMP-9 can degrade
various components of the ECM thus disrupting taselment membrane and
potentially increasing the migration of inflammatasells (163). MMPs are
also known to play a role in the trafficking oflewinmatory and structural cells
(164, 165). Finally, as discussed in section 1.#h2re is an increase in
bronchial wall vascularity in patients with asthnGil5) suggesting that
vascular dilatation and proliferation are importaomponents of airway
remodelling in chronic asthma. The release of @ygnic factors such as

VEGF from ASM likely contributes to this process.
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1.4.6 Differencesin ASM between asthmatic and non-asthmatic patients
Recently, there has been increasing interest inthenhethere are intrinsic
differences in ASM from asthmatic patients compacethose without asthma.
Studies on asthmatic-derived human ASM cells (HASME vitro have
supported the notion that there are indeed intridgferences that persist when
these cells are cultured vitro, away from the altered environment within the

asthmatic airway.

1.4.6.1 Cytokine and mediator release

A number of studies have explored the release oiows cytokines and
mediators from asthmatic HASMC. Oliveral found that rhinovirus-induced
release of IL-6 and IL-8 was elevated in asthm&&SMC compared to
normal controls (166). This may explain, in pawhy many asthma
exacerbations are triggered by respiratory infestio Brightlinget al found
that the mast cell chemokine CXCL10 (IP-10) was enfoequently expressed
in the ASM layer of bronchial biopsies of patiemtgh asthma compared to
non-asthmatic patients. Furthermore, ex-vivo cell culture, the asthmatic
HASMC released significantly greater quantities GXCL10 following
stimulation with pro-inflammatory cytokines (44Jhis was associated with an
elevated number of CXCR3 expressing mast cellsinvithe ASM layer in
bronchial biopsies of patients with asthma. Masliscmigrated towards
CXCL10-releasing HASMC in chemotactic assays vitro, suggesting a
potentially important mechanism through which mast/HASM interactions
occur in asthma. The authors suggest that thidf direct relevance to the

asthma phenotype, since mast cell infiltration itlhe ASM layer is not
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observed in eosinophilic bronchitis, a conditiolated to asthma that presents
with a glucocorticoid responsive cough, but lackee tvariable airflow
obstruction observed in asthma. Since mast cedlaasource of a number of
factors that can induce ASM proliferation, hypep@ssiveness and
contraction, the differential production of CXCLb§ asthmatic HASMC may
be an important determinant of the asthma phenotyp&nother study
comparing HASMC from asthmatic individuals and nafmmontrols found that
trypsin and bradykinin-induced PGEelease was reduced in proliferating, but
not quiescent, asthmatic ASM (167). The authoecsiate that, since PGE
can inhibit HASM proliferation, this could partlyxglain increased ASM
proliferation observed in asthmatic cells. Funhere, PGE has anti-
inflammatory properties, so defective release frproliferating asthmatic

ASM could contribute to airway inflammation.

1.4.6.2 ASM proliferation

Ex-vivo, cultured HASMC from asthmatic patients have bedrown to
proliferate significantly more rapidly than thoserh normal controls (168),
which may explain, in part, the increase in smoothscle mass in the
asthmatic airway. There is evidence that the masha of disordered
proliferation is due to a deficiency of the tramgtion factor CCAAT/enhancer
binding proteine (C/EBRY) in these cells (169). In ASM from non-asthmatic
subjects, C/EB& mediates the antiproliferative effects of glucdicmids. In
HASMC from asthmatic patients, C/EBP was not expressed, and
glucocorticoids failed to inhibit cell proliferatio Transfection of asthmatic

HASMC with a C/EBR expression vector restored glucocorticoid
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antiproliferative effects. There is some evidenoesuggest that the cell
signalling pathways responsible for ASM prolifeoati also differ between
asthmatics and non-asthmatics. Burgss found that ASM cell proliferation
was mediated by both extracellular signal-regulatedase (ERK) and
phosphatidylinositol 3-kinase (PI3K) in asthmatiecdanon-asthmatic ASM.
However, in the presence of a strong mitogenic wdtis) signalling in
asthmatic ASM shifted towards a PI3K-mediated pathwraising the
possibility of specific targeting of this pathway the prevention or treatment
of airway remodelling (170). Interestingly, elesdtlevels of the nuclear
hormone receptor peroxisome proliferator activatakptpory (PPARy) have
been demonstrated in the bronchsabmucosa, the airway epithelium, and
ASM of steroid-untreate@sthmatics, and this is associateith enhanced
proliferation and apoptosis of airway epithebad submucosal cells, but not
ASM (171). The authors speculate that PRARay have pro-inflammatory
and fibrotic actions, in contrast to the prevalerew of PPARs as anti-

inflammatory.

1.4.6.3 ASM extracellular matrix interactions

The ASM is surrounded by the ECM, which consistamfarray of structural
matrix proteins, including collagens, laminins,stiia and chondroitin sulphate,
matrix-degrading MMPs and TIMPs. The ECM is a dymastructure, with a
turnover rate of around 10 — 15% per day. Degradaif the ECM releases
factors which can feed back on ASM. The complegraction between ASM
the ECM is exemplified by the observation that @@rtECM components

inhibit whereas others increase growth factor-skat@ad ASM proliferation
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((172) and references therein). As mentioned abiteECM is deposited in
increased amounts in the asthmatic airway. In ikgepith this, asthmatic
ASM cellsin vitro produced altered amounts of ECM components cordgare
non-asthmatic cells, and this altered ECM enhanoediferation of both

asthmatic and non-asthmatic ASM (173). Furthermolige ASM

proliferation, PI3K was involved in TGB-stimulated fibronectin and collagen
| production in asthmatic but not non-asthmatic ASMain suggesting this

pathway may be of therapeutic interest (174).

1.4.7 Airway smooth muscle/T-cell interactions

In section 1.3 we discussed the roles of T-cellasthma. Interestingly,

activated T-cells can bind to ASM cells vitro via CD44 expressed on the
ASM cell surface and may stimulate ASM proliferati¢l75). ASM also

express other surface receptors with the potetatibind to T-cells (176, 177).
These observations suggest that ASM-T-cell intesastmay be important in

asthmatic airway inflammation. Howevern vivo evidence for such

interactions is currently lacking.

1.5 Mediator component of asthma

As has been alluded to in our discussion of thesraf inflammatory and
structural cells in asthma, a range of mediatoes sacreted by these cells
including histamine, adenosine, 5-hydroxytriptaminépid mediators
(prostaglandins, thromboxanes), leukotrienes, agutige mediators such as
endothelin-1 (ET-1) and bradykinin (BK). These magols have multiple

overlapping actions, including triggering bronchestiction, promitotic
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effects on ASM and other airway structural cell®-mflammatory effects and
effects on airway remodelling. It is beyond thepse of this introduction to
review this vast area in detail; this has been delsewhere (178). In this

thesis, we have focused on the role of the peptieéiator ET-1.

1.5.1 Mediator signalling

Many of the important mediators in asthmatic airwaffammation signal
through seven-transmembrane G-protein coupled r@se(GPCRS). On their
cytoplasmic domain, GPCRs are associated with ¢teiteric G proteins
composed of a &subunit and a g subunit. Binding of an agonist to the
GPCR results in a change in receptor conformatinggering exchange of
bound GDP on the Gsurface for GTP, and dissociation of,&om G,. This
promotes interaction of the,Gubunit with its specific effector, resulting in
generation of second messengers and triggeringn@acellular signalling

cascade and cellular response.

Gy proteins are classified depending on the seconssemger system with
which they interact. g activates adenylyl cyclase (AC) resulting in
generation of cyclic adenosine monophosphate (CABR) protein kinase A
(PKA) activation. G inhibits AC, Gq activates calcium and inositol
phosphate dependent pathways via phospholipasendC,can also activate
PI3K, and G213 couples to the Rho family of guanine nucleotidehexge
factors. The classic example of a GPCR-mediatedorese is that of th@-

adrenergic receptor. Binding of [adrenergic agonist such as salbutamol

30



results in activation of AC via & generation of CAMP and, in the airway,

relaxation of bronchial smooth muscle.

It is clear that many mediators important in astho@n upregulate the
expression of inflammatory response genes. Fampleg the Knox group has
shown that bradykinin induces cyclooxygenase 2 (ZP)XVEGF and IL-8

expression in HASMC (152, 162, 179), others hawenshthat leukotrienes
induce chemokine and cytokine expression in moneancells (180, 181).
However, the signalling pathways leading to inflaatony response gene
expression in response to GPCR agonists have patwell characterised and,

in particular, the nuclear signalling events arerpounderstood.

Inflammatory gene expression is regulated at séJerels. These include
activation of transcription factors, such as nucleector kB (NF-kB), via

kinase cascades, binding of transcription factars specific recognition
elements in gene promoters, by chromatin remodglland through post-
transcriptional modification. Transcriptional aetiion is particularly
complex. DNA in its native state exists as chromand is wound around four
core histones (H2A, H2B, H3, H4). These histonadeugo a number of
covalent modifications (acetylation, phosphorylatiomethylation) which
regulate chromatin unwinding thereby allowing ascektranscription factors
to their binding sites on DNA, recruitment of edsadrco-factors and activation
of transcription. Histone acetylation is broughboat by histone
acetlyltransferases (HATsS) such as cAMP responemaegit binding protein

(CREB) binding protein (CBP), p300 and p300/CBRoeaisded factor (pCAF).
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This process is reversed through the actions dfassoof counterregulatory

proteins, the histone deacetylases, or HDACs.

The Knox group has explored some of the signal@wvgnts involved in
induction of IL-8 and COX-2 expression by BK. NB; activator protein-1
(AP-1) and NF-IL-6 are all involved in IL-8 induott by BK (182). In
contrast BK induced COX-2 via the cAMP responsenelet (CRE) with no
involvement of NFkB or NF-IL-6 (183). In this latter study, BK-inded
COX-2 transcription was found to involve acetylatiof promoter-associated
histones on lysine residues 5, 8 and 16 (183). pexnautocrine loops
involving endogenous prostanoids seem to be reggen®r some of these
effects but not others (182, 183). The Knox grolgn ahowed that another
important inflammatory mediator in asthma, RGEtranscriptionally
upregulates VEGF production in HASMC through a cAMfependent
mechanism. This effect was mediated through bondif the transcription
factor small protein 1 (Sp1l) to the VEGF promotimonstrated by chromatin

immunoprecipitation (ChlP) assay (184).

A number of studies have shown that the pro-inflatory transcription
factors NFKB and AP-1 may be activated by a variety of inflaatony
mediators, including leukotrienes (181, 185), mmste (186) and
prostaglandins (187). However, the majority ofsthestudies used strategies
such as transcription factor mRNA levels, reporigene assays and
electrophoretic mobility shift assays to infer ilw@ment of these transcription

factors. Very few studies have gone on to dematesin vivo binding of
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transcription factors to the relevant gene pronsotesing, for example, ChIP
assays. Furthermore, more complex transcriptionathanisms involving

recruitment of cofactors (such as p300) to genampters, and chromatin
remodelling in the form of histone modificationgvie not been explored, and
the upstream signalling pathways are not well dtaresed. Aside from the
studies of BK effects from this lab, an exceptianthis is in the field of

endocrinology, where binding of histone-modifyingteins and alterations in
histone acetylation status of relevant promotergehlaeen demonstrated in
prostaglandin-regulated ovarian luteolysis and rogsn biosynthesis (188,

189).

It is well established that mediators acting at ®BCan activate various
intracellular signalling pathways downstream of &t messenger systems.
For example, in pulmonary artery smooth musclesc®I3K and p38 MAPK
regulate BK-stimulated PGEelease (190) and ET-1 can activate the MEK
(MAPK/ERK kinase)/ERK, p38 MAPK and cJun N-termindhase (JNK)
pathways in various systems (191, 192). Otherdafiular targets include
protein kinase C (PKC) and phospholipasg (RLA;) (193). Furthermore,
Gusstimulated PKA activation may have inhibitory effe on MAPK
dependent pathways via phosphorylation and inbibitof the upstream
intermediate raf-1 (193). However, there have bémm studies directly

linking these signalling cascades with nuclear gexgression events.
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1.5.2 Endothelin-1

ET-1 is a 21 amino acid vasoactive and pro-inflatemyapeptide that acts at
Gqg-coupled ER and EE receptors. ET-1 is implicated in asthma through
several lines of evidence: 1) ET-1 levels are a&iey in BALF, bronchial
biopsies and peripheral blood of asthmatics (123)inhaled ET-1 causes
bronchoconstriction in asthmatic patients (195)E3}1 is a potent contractile
agonist of isolated human bronchus (196); 4) ETetemtiates mitogenic
responses in cultured ASM cells (197); 5) ET-1 mekiexpression of matrix
proteins by pulmonary fibroblasts (191), suggestiagrole in airway
remodelling; 6) in animal models, overexpressionEd*-1 in the lungs of
transgenic mice induces chronic pulmonary inflamoma(198) and in a rat
model, induction of pulmonary eosinophilic inflamioa caused a significant
increase in ET-1 mRNA and protein (199). Furtheemahe ET-1 receptor
antagonist SB-217242 inhibits airway eosinophiha &iyperresponsiveness to
methacholine in Der P1 sensitised mice (200). T-LEand ER receptor gene
polymorphisms are linked with asthma and atopy eesypely (201, 202).
Despite the implication of ET-1 in airway inflamrmat through animal
studies, there have been very few studies of ETeffects on release of
inflammatory cytokines and mediators from ASM. thermore, there have
been few studies of nuclear signalling by ET-1 #hedtranscriptional and post-
transcriptional regulation of chemokine expresstpn ET-1 has not been
studied. The current understanding of cell sigmalland transcriptional
regulation by ET-1 is described in more detail gter 4. In that chapter, we
have explored the transcriptional regulation ofamimatory genes by ET-1 in

more detail, focusing on the chemokine MCP-1.

34



1.6 Cytokines

The immune system is regulated by a bewilderingayarof cytokines.
Cytokines are small proteins that act in an autecand paracrine manner to
regulate local and systemic immune and inflammatagponses. They
function in a complex network where production néaytokine will influence
the production of, or response to, several otladten in a stimulus and tissue-
specific manner. Their many actions include effech growth, mobility,
differentiation or function of target cells (17&ytokines act by binding to
specific cell surface receptors. Receptor bindiegds to activation of
intracellular signalling pathways and downstreafea$, such as induction of
inflammatory response genes (148, 203). Levelsary cytokines thought to
be important in asthma are elevated in the airvedysthmatic patients (9, 10,
14, 30) and, in earlier sections of this chaptee mave touched on the
functions of some of these. We focus in this thesi the role of TNEr. A
review of the functions of other individual cytoks in asthma has been

performed by Barnes (178).

1.6.1 Tumour necrosis factor-a

TNF-a is a 17 kDa protein which acts via two receptdfdFR1 or p55, and
TNFR2 or p75. It is produced predominantly by noptrages, but also T-
lymphocytes, dendritic cells, mast cells, neutrtgphnd eosinophils as well as
structural cells including fibroblasts, epithel@dlls and smooth muscle cells
(178, 204). Release of TNiF-may be triggered by pathogens, physical or

chemical stimuli, and a range of cytokines suchlLas, GM-CSF and IFNy
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(178). The physiological role of TN&- is to modulate the growth,
differentiation and proliferation of a range of Icglpes as well as mediating
apoptosis (205). It also triggers the releaseasfous other members of the
cytokine network such as IL-8 (154), RANTES (206)daeotaxin (203),

thereby triggering a “second wave” of inflammatoegponses.

TNF-a levels are elevated in the BALF and bronchial biep of asthmatic
patients (207, 208). Furthermore, cells from BAbLF asthmatic patients
release significantly greater amounts of TH414). As mentioned above,
once released in the airways, TMFean activate the release of multiple
inflammatory mediators, chemokines and cytokinbss tpromoting ongoing
inflammation. There is also evidence for a direte of TNF@a in airway
remodelling in that it stimulates the release of RHYl and the matrix protein
tenascin from bronchial fibroblasts (209). THWFpromotes AHR; TNFx
increased maximal isotonic contraction to methaaleobf guinea pig tracheal
preparationsin vitro (210). In animal studies, TNé&-has been shown to
mediate LPS and allergen-induced inflammation andRA(211, 212).
Furthermore, TNF& inhalation increases airway responsiveness andcesl
sputum neutrophilia in normal controls (213) anthemtic patients (214), the
latter group also showing an increase in sputumnephilia. Importantly,
there is evidence of upregulation of the Thpathway and increased mucosal
TNF-a expression in severe/refractory asthma (215, 2litixh has led to
increasing interest in the use of anti-THRreatments for patients with severe
asthma whose disease cannot be controlled withertional therapies (see

section 1.9.2).
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Most cytokine receptors are associated with motscwalled Janus kinases
(JAKs). Receptor binding causes tyrosine phospatioy and subsequent
activation of JAKs. JAKs may then activate variosignalling proteins,
including signal transducers and activators ofdcaiption (STATS), through
tyrosine phosphorylation. STAT dimers then traoate to the nucleus where
they bind to the promoters of and activate cytokiesponsive genes. TNF-
does not signal through the JAK-STAT pathway. Bigdof TNF-a to its
receptor initiates one of many potential intradallusignalling cascades
depending on the exact tissue and the expressitierpaof associated
signalling machinery (217). There are two main hpatys of signal
transduction between the TNFRs and subsequentétiiar events. TNFR1
contains a “death domain” (DD) which, under quies@®nditions, is bound to
the silencer of death domain (SODD). On binding TofF-a, SODD
dissociates from the receptor, allowing other DEefiacting proteins to bind
and trigger a cascade of reactions primarily ingdhn signalling cell death.
However, it is the second pathway that is probailgre relevant in the
activation of inflammatory response genes. BothFRN and TNFR2 contain
sequences that bind TNF receptor-associating ®¢IdRAFs). Upon receptor
occupation by TNFt, TRAFs transduce this signal to activate a varighty
intracellular signalling pathways, including actieam of MAP kinase pathways
(p38, MEK/ERK and JNK pathways), activation of ppleslipase C (PLC) and
thence PKC, and activation of the pro-inflammatargnscription factors

NF-kB and AP-1 (217-219).
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In contrast to GPCR-mediated inflammatory gene leggun, transcriptional
regulation of inflammatory genes by cytokines sashTNFe has been more
extensively studied. There have been many studfigbe roles of various
transcription factors in inflammatory gene reguatiby cytokines. More
recently, a number of groups have begun to exteeskt studies to explore the
role of histone modifications such as phosphomtatind acetylation and the
roles of the transcriptional co-activators thangrthese modifications about.
For example, IL-B induced COX-2 transcription in HASMC through bingi

of p65, CREB and C/EHR and acetylation of lysine 8 associated with the
COX-2 promoter (183). Similarly, ILfl caused histone acetylation at the
GM-CSF promoter, accompanied by an increase in (B#-Celease from
A549 cells (220). Several studies have investijatiee transcriptional
regulation of the chemokines MCP-1 and eotaxin @rious systems.
Transcriptional regulation of MCP-1 by the cytolsnik-13 and TNFe has
been shown to be NkB-dependent in several different tissues (221-223).
Interestingly, in NIH 3T3 cells, TN-stimulated MCP-1 transcription
involves a cooperative interaction between AB-and Spl that is dependent
upon CBP and p300-mediated histone acetylationeaMCP-1 promoter (222,
223). The Knox group have shown that transcniiaiagegulation of eotaxin
by TNF-a in HASMC is brought about through acetylation aftbne H4 and

binding of NFKB p65 to the eotaxin promoter (224).

Although inflammatory response gene regulation hyokines is better
characterised than that mediated by GPCRs, andugjththere is a wealth of

studies on TNFx-signalling (217), the exact kinase cascades madiat
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complex gene transcription events are less cl&éhere is evidence, in various
different biological systems, for involvement of KNERK and p38 MAP
kinases in these pathways (225, 226), as well asiniolvement of the
PI3K/Akt pathway (227) and of PKC (228, 229). ledethe Knox group have
shown that transcriptional regulation of eotaxin TYF-a involves PK@-
mediated phosphorylation of pCAF, facilitating atation of histone H4 and
thence p65 association with the eotaxin promot28)2 This is a novel action
of PKCB that has not been previously observed in othéesys MAP kinase
cascades can also lead to histone phosphoryldtrongh the direct action of
downstream kinases such as mitogen- and stressiacti protein kinase

(MSK).

1.7 Inflammatory gene regulation: cross talk betwen cytokine- and
GPCR-mediated pathways

It is clear that transcriptional gene regulationibffammatory mediators and
cytokines is extremely complex. The involvement acoimmon signalling
moieties to both GPCR- and cytokine-mediated paylswanplies that
extensive cross talk may occur. Indeed there ideece that this is the case.
Histamine, which couples to AC and PI3K pathwaysoulgh H2 and H1
receptors respectively, may regulate release ofcyekine IL-13 in T cells
through cross-talk with the JAK-STAT pathway (230)As previously
discussed, PGE which acts via @-coupled receptors, modulates cytokine-
stimulated induction of VEGF and COX-2 (183, 23)rthermore, mitogenic
signals acting at receptor tyrosine kinases (emdergrowth factor) and

GPCRs (thrombin, acting at thedoupled PAR) both signal through PI3K in
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HASMC (232). Finally, BK-stimulated IL-6 release HASMC is mediated
by p38 MAPK and ERK, and is downregulated by th& Titokines IL-4 and
IL-13, implying that MAP kinases may also mediatess talk between GPCR-

and cytokine-stimulated responses (233).

In addition to the complex cross talk between ddfe pro-inflammatory
stimuli, evidence is accumulating that existinghasd therapies, including
glucocorticoids (GC) and long actin@-adrenergic agonists (LABA) can
modulate these inflammatory pathway$his is discussed in detail in section
1.9.1 and chapter 5. A simplified representationG®CR- and cytokine-
mediated inflammatory gene regulation, potentiahtsoof cross-talk, and of
modulation by existing asthma therapies is showRigure 1.1. In chapter 5
we have further explored the mechanisms of TiN$timulated eotaxin
expression, and its modulation by glucocorticoidd bong acting3-adrenergic

agonists (LABA).

1.8 Chemokines

Chemokines are a subgroup of cytokines that attiaithmmatory cells
(chemdactic cytkines). Examples include MCP-1 (chemotactic for
monocytes and T-lymphocytes), RANTES (T-cells, roghils and basophils),
eotaxin (eosinophils) and IL-8 (neutrophils). Clukmnes exert their biological
actions by binding to specific receptors expressedhe surfaces of target
cells. Cells that are attracted by chemokinesofolh signal of increasing
chemokine concentration towards the source of themokine through a

complex process involving interaction of adhesioslenules expressed on the
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surfaces of inflammatory and endothelial cells (234Thus at sites of
inflammation such as the asthmatic airway, releasechemokines from

inflammatory and structural cells results in furth@lux of inflammatory cells

and perpetuation of inflammation. Chemokines dassified on the basis of
their structural characteristics, specifically ttistance between the first two
cysteine residues in their amino acid chain (239)hus the two cysteine
residues at the N-terminus of the CC chemokinesadj&cent to one another,
those of the CXC chemokines are separated by omeoamcid, and those of
the CXC group by three amino acids. A fourth group, wathe cysteine

residue at their N-terminus and one downstreantesineed the C chemokines.
This has led to a revised nomenclature based @ thteuctural characteristics
(235). Thus for the chemokines listed above, tierreate names would be
CCL2 (MCP-1), CCL5 (RANTES), CCL11 (eotaxin) and C8 (IL-8). For

the purpose of readability, the classical namekheilused in this thesis. The
chemokine receptors are GPCRs divided into fouilfesnbased on the class
of chemokine they bind; CXCR that bind CXC chemekinCCR that bind CC
chemokines, XCR1 that binds the two C chemokines@x3R1 that binds the
sole CxC chemokine. An individual receptor may bind seVadifferent

chemokines and vice versa. In this thesis we lexydored the regulation of

two key chemokines in the asthmatic airway, MCRwd eotaxin.

1.8.1 MCP-1 and asthma
MCP-1 is a chemokine of the CC subgroup which ienobtactic for
monocytes (236, 237) and T-lymphocytes (238, 238).s produced by a

variety of cell types, including mononuclear phages, epithelial cells,
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fibroblasts, smooth muscle cells and endothelidls q240-244). Levels of
MCP-1 are elevated in the epithelium and subep#&héksues of bronchial
biopsies from asthmatic subjects, including thenbhial smooth muscle layer
(245). Allergen challenge significantly increadd€P-1 levels in BALF of
asthmatic patients (246). Furthermore, there idezxe from animal models
that MCP-1 expression is increased in asthmatiwagis and that the disease
process is attenuated by MCP-1 immunoneutralisa@di7). Interestingly, a
polymorphism in the MCP-1 gene is associated whiih presence of atopic
asthma and its severity in children (248). Thebseovations suggest that
MCP-1 is an important chemokine contributing toway inflammation in
asthma. The Knox group and others have showrHA&MC express MCP-1
and that levels of expression are upregulated hgkoyes (242, 249, 250).
However, there have been few studies in ASM of ¢ffects on MCP-1
expression by other types of asthma mediatorschapter 4 we explore the
mechanisms used by the pro-inflammatory mediateflEd upregulate MCP-

1 expression in HASMC.

1.8.2 Eotaxin and asthma

As described in section 1.3.7, eosinophils are maod cells in asthmatic
airway inflammation. Eotaxin is chemotactic forsemphilsin vivo andin
vitro (251, 252). It also exerts chemotactic actionsbasophils (253), Th2
lymphocytes (254) and mast cells (255), throughsgscific receptor CCR3.
Sources of eotaxin include monocyte-macrophagesell$; eosinophils,
airway epithelial cells and ASM cells (256-258).v8@l lines of evidence

support a critical role for eotaxin in asthmatioaay inflammation. Levels of

42



eotaxin are elevated in the bronchial mucosa antdBéf asthmatic subjects
compared with normal controls (256-258), eotaxipregsion correlates with
the number of airway eosinophils, markers of disesesverity and AHR (257,
258), and the time course of eotaxin expressiorthim asthmatic airway
following allergen challenge correlates with thelyghase of eosinophil
recruitment (259). Furthermore, eotaxin releasenfrairway epithelial and
smooth muscle cells is increasedvitro by the pro-inflammatory cytokines
IL-13 and TNFae, the levels of which are elevated in the asthmatiway
(207, 208). The Knox group and others have shdaheotaxin expression by
HASMC is downregulated by existing asthma thergmesnely32 adrenergic
agonists and glucocorticoids (203, 260). We haeguh to explore the
mechanisms of TNIe-stimulated eotaxin expression in HASMC and its
modulation by glucocorticoids and LABA in more de{@24). In chapter 5

we have extended these studies to investigate thesbanisms further.

1.9 Current asthma treatments

Asthma treatments can be divided into those thamanily affect
bronchoconstriction, used in the short term relodéf symptoms and for
managing severe bronchospasm in the acute setiind, those that are
primarily aimed at controlling airway inflammationThose in the first group
include short-acting2 adrenergic agonists (SABA), such as salbutamol,
formotorol and terbutaline, and anticholinergicstsas ipratropium bromide.
SABA promote smooth muscle relaxation through bigdo the32 adrenergic

GPCR, activation of AC and generation of intradallcAMP. This acts via
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PKA to inhibit MLCK. Anticholinergics block musdaic cholinergic

receptors, thus reducing ASM tone by reducing panagthetic stimulation.

Other classes of drugs used to treat asthma indlAd such as salmeterol
and formotorol (which has both short and long arfmoperties), xanthines,
namely theophylline, leukotriene antagonists, suah montelukast and
zafirlukast and chromones including sodium chronoagg and necrodomil.
The LABA act like SABA to relax ASM but, as the namuggests, have a
longer duration of action. However, they also Ijkkave anti-inflammatory
actions; the anti-inflammatory effects of LABA atiescussed in more detail in
chapter 5. The current British Thoracic Societydglines on the management
of asthma recommend that LABA are prescribed initand to inhaled
corticosteroids (ICS) (261). They should not bespribed alone due to
concerns over safety (262). Theophylline relaxgsvay smooth muscle
through elevation of intracellular cAMP and cycjuanosine monophosphate
via inhibition of phosphodiesterases (PDE) 3, 4 an@63). Unfortunately it
has limited efficacy and, due to its narrow thetdjowe window, has an
extensive side effect profile at doses that inHAIXE, meaning its usefulness in
the management of asthma has been limited. Howekere is emerging
interest in more recently recognised anti-inflamonateffects of low dose
theophylline, and this drug may yet prove to haverdapeutic utility in the
management of asthma and COPD in certain circumssan(263-265).
Leukotrienes are potent mediators of bronchocangin (266) as well as
having multiple pro-inflammatory actions vivo, including inflammatory cell

recruitment and increases in vascular permealaliy mucus secretion (267-
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270). Leukotriene antagonists improve baselingy leumction in asthmatic
patients (178), but are probably most useful indir@cal setting as an add on
therapy for patients with exercise induced asthfB,261), or those with
disease with a prominent leukotriene-driven compgnéhat is those with
aspirin induced asthma or asthma associated witdrgal rhinitis (271).

Sodium chromoglicate and necrodomil are said tomest cell stabilisers”, but
their mechanism of action is not fully understood@heir role in adults is

limited to the management of exercise induced ast{#61).

1.9.1 Glucocorticoids

Inhaled corticosteroids are the mainstay of asttre@tment. They are highly
effective and are recommended for the managemeantyopatient with asthma
who has symptoms requiring more than just occabiosa of a SABA (261).
They have potent anti-inflammatory effects, thereioibiting ongoing

inflammation in the asthmatic airway and the laliergic response. The
mechanisms through which glucocorticoids (GC) ashi¢heir effects are
complex. They can both activate and inhibit trapsion of GC-responsive

genes (transactivation and transrepression, ragplgt

As described in section 1.5.1, inflammatory genguia&ion may involve
activation of transcription factors, such as K- via kinase cascades, binding
of transcription factors to gene promoters, chramaemodelling brought
about through specific covalent modifications tgtbine proteins, and post-
transcriptional modification. Transactivation bY@ brought about through

binding of GC to a ubiquitously expressed glucdcortl receptor (GR)
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localized to the cytoplasm of target cells. Bimgdiof GC to GR results in
dissociation of the molecular chaperone protein98sfrom GR, allowing
nuclear translocation of the activated GC-GR compled binding to specific
sequences within DNA termed glucocorticoid respome$éements (GRE).
Within the nucleus, the DNA binding domain of th® @irects dimerisation
and activation of gene transcription. The expmsaf a number of anti-
inflammatory genes such as annexin 1 and IL-10 been shown to be
increased by GC (272, 273). However, the majootyanti-inflammatory

effects of GC are thought to be brought about thinogene repression.

Switching off of gene transcription by GR can octtuough binding of GR to
negative GREs in the regulatory region of certagmeg. This is thought to
disrupt transcription as a result of the GRE bepwgitioned across the
transcriptional start site or the binding sites fher transcription factors
(274). However, although a functional negative GRIE been identified in the
IL-13 promoter (275), the genes of most inflammatory iateds that are

suppressed by GC in asthma do not have GREs ingtenoters (276).

The inhibitory effect of GC in inflammation appeais be largely due to
modulation of transcription of AP-1- and NdB-responsive genes. These
transcription factors mediate the expression oftiplel inflammatory response
genes (277, 278). Alterations in AP-1 and kB~dependent transcription can
be brought about at several levels. GR can reondtear corepressors, such
as HDACs (220); it may alter RNA polymerase Il pblosrylation (279); it

may bind to transcriptional coactivators such asPQBus competing with
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transcription factor binding to these coactivat@80); or GR may inhibit the
activity of HATs such as CBP (220). The effectsG&# on HAT and HDAC
activity and associated effects on chromatin stmectand transcriptional
activation are discussed further in chapter 5. eBdwther mechanisms of GR
suppression of NkB and AP-1 have been described. GR can induce
expression of inhibitor okBa (IkBa) in certain cell types (281, 282). AP-1-
DNA binding can be prevented through induction b& tglucocorticoid
inducible gene GILZ (glucocorticoid inducible leneizipper) (283). Finally,
GC may inhibit activation of AP-1 and N&B through inhibitory effects on
mitogen activated protein kinases (MAPK) (276). iMtimost of the effects of
GC are mediated by changes in gene transcriptimy, may also have post

transcriptional, translational and non-genomicai(274, 284).

1.9.2 Limitations of current asthma treatments

Whilst for the majority of patients with asthmaggdate control of disease can
be achieved with the inhaled therapies describedeglba minority of patients

require long term oral corticosteroids to contrbleit disease, or have

corticosteroid resistant (CR) disease. These miatiare at increased risk of
death from asthma and from side effects of chregstemic steroid therapy,

and account for around 50% of the total health casts of asthma (274). As
well as their anti-inflammatory effects, steroids/é a role in many metabolic
processes. Thus long term steroid treatment isetiwath steroid dependent
disease can cause serious systemic side effettslimg adrenal insufficiency

due to suppression of the hypothalamic-pituitarseadl axis, osteoporosis,
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impaired glucose tolerance/diabetes mellitus, aatarand, in children, growth

retardation.

There is much research interest in mechanismseodidtresistance in asthma.
A number of different potential mechanisms havenbdescribed, that are
likely to differ between patients. Certain cytod&sn such as IL-2, IL-4 and IL-
13, which show increased expression in the ainedystients with CR asthma
(274), may induce reduced GR affinity in inflammataells, causing local
resistance to the anti-inflammatory effects of (&XBY, 286). This effect
appears to be mediated by p38 MAPK, raising thesipdgy that p38 MAPK
inhibitors may have a role in restoring steroidssgvity in CR asthma (287).
Furthermore, MAP kinase phosphatase-1 (MKP-1), Wwhiephosphorylates
and inactivates p38 MAPK, is rapidly induced by @88). Thus p38/MKP-1
homeostasis might be important in contributing terad insensitivity.
Changes in GR nuclear translocation or its abititynteract with HATs may
contribute to steroid resistance. In one subgrolgCR patients, nuclear
translocation of GR was defective (289). In anotii@up, GR was unable to
promote acetylation of lysine 5 on histone H4, iegdhe authors to speculate
that this defect reduces the ability of GR to at®vcertain anti-inflammatory
genes (289). Increased levels and/or activationthef proinflammatory
transcription factor AP-1 may contribute to stermidensitivity in CR asthma.
Expression of the AP-1 subunit cFos is enhancdalonchial biopsies of CR
asthmatics (290). In keeping with a role for ARRICR asthma, AP-1 DNA
binding and cFos expression were increased in lpemrgb blood mononuclear

cells (PBMC) from CR patients, and cFos was shawmeédiate reduced GR-
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GRE binding in response to dexamethasone (291, 2B@jther support for a
role of AP-1 comes from the observation that usirtgberculin skin response
model of mononuclear cell inflammation, there wagni§icantly greater
expression of cFos, phosphorylated cJun and phogpted JNK in CR
asthmatics, and, whilst CS suppressed cJun andpbidiphorylation in steroid
sensitive asthmatics, they enhanced it in the GR@(293). As discussed in
section 1.4.6.2, defective expression of the tnapison factor C/EBP in
asthma may prevent the antiproliferative effect&6fon ASM (169). Finally,
cigarette smoking is known to abolish the therapemsponse to inhaled and
oral corticosteroids, (294, 295). Cigarette smo&ases oxidative stress and,
interestingly, markers of oxidative stress are dlsoreased in severe CR
asthma (296), suggesting that oxidative stress wmaytribute to steroid
resistance. In support of this hypothesis, thellevexhaled breath condensate
of one marker of oxidative stress, 8-isoprostanas wnaltered by treatment
with ICS in children with asthma (297). Anotherspible mechanism of
reduced steroid responsiveness in associationoigtrette smoking is through
alterations in the levels and activity of HDACsn smokers with COPD, a
disease characterised by little clinical respons&€, HDAC2 expression and
activity is reduced (298) and restoration of HDA&%ression by transfection
into alveolar macrophages from BALF of COPD pasemistored GC function

(299).

New biological therapies, such as the anti-lgEbmdy omalizumab, anti IL-5

therapy and anti-TNir therapy may be of benefit for some patients with

steroid dependent or CR asthma, however they hawdfisant limitations.
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Omalizumab is only of benefit for a very small stdagp of patients with a
highly atopic phenotype (261); anti-IL-5 similarhas only shown benefit in
particular subgroups and is currently only ava#aklithin the context of
clinical trials (66), whilst trials of anti-TNd therapy have had variable results.
Early trials with the synthetic soluble TNF-receptor etanercept showed
promising results, with significant improvements lang function and
symptom scores (215, 216). However, a more reteat showed less
dramatic results, with a small improvement in Asth@ontrol Questionnaire
score but no significant difference between treatnand placebo groups in
Asthma Quality of Life Questionnaire Score or measuof lung function
(300). Furthermore, there are significant concear the safety profile of
anti-TNFa treatments (204). Thus, whilst the mechanism<CBf remain
unclear, for the small proportion of asthmatic g@ats with steroid dependent

or CR asthma, it is clear that new therapeuticomstiare urgently needed.
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Figure 1.1 Cross talk between cytokine- and GPCR-adiated pathways.
Positive regulatory pathways are indicated by arrows, stopped arrows
represent inhibitory pathways. Points of interacton between steroids
(GC) and p-agonists ffag) are shown. Activating actions of these drugs
are shown in green, inhibitory effects in red. Na that steroids have both
positive and negative effects on gene transcriptionThey predominantly
switch off transcription of inflammatory genes, but may also increase
transcription of a number of anti-inflammatory genes. Kinases are shown
in orange, non-kinase signalling proteins in greenyanscription factors in
blue and other transcriptional regulatory proteinsin lilac.
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CHAPTER 2: AIMS OF THIS THESIS
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2.1 Aims of this thesis

In chapter 1 we have summarised current knowledgheoroles of various
immune cells, structural cells, mediators and cyte& in airway inflammation
and remodelling in asthma. We have discussed hovaddition to their
critical role in bronchoconstriction of the asthmatirway, airway smooth
muscle cells play a key part in these inflammatong remodelling responses.
Further, that differences beginning to be identifleetween asthmatic and
normal ASM are helping to shed light on the causfeairway dysfunction in
asthma. We have also discussed current treatmeddliies and where these
fall short for the management of patients with meeyvere disease. The
intense research interest in novel mechanisms tadraof existing therapies,
and how these actions differ between steroid resperand CR asthmatics, is
starting to highlight potential new targets foratiraent for this subgroup of
patients whose disease cannot be managed effgctivtl existing therapies.
We hypothesised, therefore, that inflammatory ntedsa and cytokines
important in driving asthmatic airway inflammatiomay signal through
common downstream signalling moieties which may agtpromising new

targets for asthma therapy.

Using primary human airway smooth muscle cells asdel, we therefore set

out

1) To determine the signalling pathways used by inflfertory mediators

in asthma, using the important pro-inflammatory ratat ET-1 as an

example, to upregulate the expression of inflamnyatsponse genes.
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2)

3)

4)

To determine the mechanisms of action of -cytokiresliated
inflammatory response gene signalling, focusing neechanisms of
TNF-a-stimulated eotaxin expression.

To study the mechanisms by which existing asthneaafhies, namely
GC and LABA, affect inflammatory response gene espion.

Through (1), (2) and (3), to identify potential cmmn downstream
signalling moieties shared by inflammatory mediat@diated and
cytokine-mediated pathways that may have therapgotential as new

drug targets for asthma.
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CHAPTER 3. MATERIALS AND METHODS
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3.1 Materials

Human ET-1, DMEM, penicillin/streptomycin, L-Glutame, amphotericin B,
actinomycin D, LY294002, Wortmannin, Salmeterol, B®I, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium broda (thiazolyl blue [MTT]),
RedTaqg DNA polymerase and NUCLEAR extraction kiesevpurchased from
Sigma, Poole, Dorset, UK. Foetal calf serum wasmfr Seralab,
Loughborough, Leicestershire, UK. SB203580, PD980SP600125 and
BQ788 were purchased from Tocris, Bristol, Avon, @id BQ123 was
purchased from Merck Biosciences, Nottingham, MNgtiamshire, UK.
Bosentan was a gift from Dr. Marc Iglarz, Actelidhharmaceuticals,
Allschwil, Basel, Switzerland. Fluticasone was i& ¢gom Dr. Malcolm
Johnson and 2-[(aminocarbonyl)amino]-5-[4-fluoropyig 3-
thiophenecarboxamide (TPCA-1) was a gift from DickRWilliamson, both of
GlaxoSmithKline, Uxbridge, Middlesex, UK. MCP-1deotaxin ELISA Kits
and recombinant human TNF-were purchased from R&D Systems,
Abingdon, Oxfordshire, UK. RNeasy mini kits wererh Qiagen, Crawley,
West Sussex, UK. All reagents for reverse trapfiom and the Dual
Luciferase Reporter Assay System were purchasedn frBromega,
Southampton, Hampshire, UK. GAPDH, E£feceptor, EE receptor, MCP-1
andp2 microblobulin primers were purchased from Signes&sys, Haverhill,
Suffolk, UK. Primers for ChIP assay, spanning M€P-1 and eotaxin
promoters, were purchased from MWG, Ebersberg, @eym Excite Real
Time Mastermix with SYBR Green was from Biogene, nbadge,
Cambridgshire, UK. Nitrocellulose membrane for Wées blotting and

Bradford assay dye reagent were purchased fronRBih-Hemel Hempstead,
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Hertfordshire, UK. Anti-p38 MAP kinase and anti4p42 MAP kinase
antibodies (total and phospho-) were from Cell Sigy/New England
Biolabs, Hitchin, Hertfordshire, UK. Horseradiskerpxidase-conjugated
secondary antibodies were from DakoCytomation, Edgmbridshire, UK.
ECL Western blotting detection reagent, Hyperfilil@tEand rainbow coloured
molecular weight markers were from Amersham, Bughamshire, UK.
Fugene 6 transfection reagent was from Roche Mi@decBiochemicals,
Lewes, East Sussex, UK. ChIP-IT Express kit wasnfrActive Motif,
Rixensart, Belgium. NkB p65 and cJun antibodies were from Santa
Cruz/insight, Wembley, Middlesex, UK. Total HDAG:taity kit, acetyl
histone H3, HDAC-1 and HDAC-2 antibodies were fraipstate/Millipore,
Watford, Hertfordshire, UK. GAPDH and-tubulin antibodies were from

AbD Serotec, Kidlington, Oxford, UK.

3.2 Human airway smooth muscle cell culture

Human airway smooth muscle cells (HASMC) were prepaas described
previously (148, 301). Human trachea was obtainexmn f post mortem
individuals within 12h of death. Clinical and degnaphic characteristics of
the donors (where available) are shown in Table Ji&sue was transported to
the laboratory in Dulbecco’s modified Eagle’s medi(DMEM) supplemented
with 4 mM L-glutamine, 2.ag/ml amphotericin B, 100 U/ml penicillin, 100
ng/ml streptomycin and 10% heat inactivated foetf serum (FCS, CM
media). The trachealis smooth muscle was dissdotedof epithelium and
connective tissue under sterile conditions. Si2all2 mm explants of airway

smooth muscle were then excised and several espfdated in small petri
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dishes. Explants were then bathed in media andbated in CM in
humidified 5% CQ-95% air at 37C. Medium was changed every three days,
and when cells were approaching confluence, thdaetg were removed.
Once confluent, cells were trypsinized with 0.25Ypsin and 0.02% EDTA in
phosphate buffered saline (PBS), centrifuged, menged in CM and plated
out in 75 cm flasks. Once cells had again reached conflugheepassaging
procedure was repeated and cells resuspended in BG% + 10% dimethyl
sulphoxide (DMSO), frozen in liquid nitrogen anared until required. The
cultured tissue was positively identified as HASN€ough the combination
of characteristic light microscopic appearancesitp@ staining for smooth
muscle actin, desmin and myosin heavy chain, anghthe staining for
cytokeratin. Cells were cultured in CNin humidified 5% CG-95% air at
37°C. Cells at passage 6-7 were used for all expatsneThe studies were

approved by the Nottingham Local Research EthianiGittee.

Donor | Experimental Age Sex Notes
chapter(s) in which | (years)
donor’s cells used
1 4 44 Male No evidence of airway
disease
2 4 52 Female | No evidence of airway
disease
3 4 and 5 No demographic or clinical data available
4 5 34 Female | No clinical data
available
5 5 42 Male No clinical data
available

Table 3.1: Demographic and, where available, clioal characteristics of
airway smooth muscle cell donors. All donor tissuevas tracheal in origin.
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3.3 Time course, concentration response and inhibr studies

Confluent HASMC in 24 well plates were growth ateesfor 24 h in serum
free medium and then stimulated at@#vith ET-1 or TNFea (0 — 10 ng/ml)
for 24 h in concentration response experimentsyitr ET-1 or TNFea (10
ng/ml) for the times indicated in kinetic experintgen After incubation for 24
h, cell culture supernatants were transferred parsgte microfuge tubes and

stored at -280C until determination of MCP-1 or eotaxin content.

In inhibitor studies, cells were pre-incubated 8 min with inhibitors or
vehicle prior to treatment with ET-1 or TNF{for the times indicated. The
vehicle was dimethylsulphoxide (DMSO) for all inhdrs except for
Bosentan, which was dissolved in water. Vehicls edded to control wells at

equivalent concentrations (maximum concentrationSavD.2%).

3.4 MCP-1 and eotaxin release

MCP-1 or eotaxin concentrations in cell cultureesmatants were measured by
enzyme-linked immunosorbant assay (ELISA) using roencially available
sandwich ELISA kits according to the manufacturessructions as previously
described (250). 96 well mirotitre plates weretedawith human MCP-1 or
eotaxin-specific capture antibody audg/ml (MCP-1) or 2ug/ml (eotaxin) in
phosphate buffered saline (PBS) and incubated agrérat room temperature.
Plates were then washed in 0.05% Tween 20 in PBIiSbloctked for 1 h at
room temperature with 1% bovine serum albumin (BSA) sucrose in PBS,

to prevent non-specific binding. An eight poirdrsdard curve was generated
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by serial two-fold dilution of recombinant human €L or eotaxin (supplied)
in 1% BSA in PBS, with a top standard of 1000 pg/rStandards or samples
(100 ul) were then added to wells in duplicate and intetbaat room
temperature for 2h. Plates were washed again,ul@® detection antibody
(100 ng/ml in 1% BSA) added to each well and sampieubated for 2 h at
room temperature. After a further wash, sample®wecubated for 20 min at
room temperature with 10@ streptavadin-conjugated horseradish peroxidase
(streptavidin-HRP, supplied), diluted 1:200 in 19%A8in PBS. Plates were
then washed again before addition of }0(per well of substrate solution (a
1:1 mixture of hydrogen peroxide and tetramethy#idine) for 20 min at
room temperature. The resulting colorimetric riggctvas stopped by addition
of 50 ul per well of 1M sulphuric acid. The optical degysof the wells was
read at 450 nm with reference wavelength 570 nime doncentration of MCP-
1 or eotaxin in samples was determined with refe¥eio the standard curve

using a computer-generated 4-PL curve fit.

3.5 Reverse transcriptase polymerase chain reacidRT-PCR)

3.5.1 RNA extraction

Confluent, growth arrested HASMC in 24 well platesre treated with serum-
free medium (controls) or serum-free medium comgrET-1 or TNFe for
the times indicated. Three wells of a 24 well platere used for each
condition. Following aspiration of cell cultureparnatants, cells were washed
with phosphate buffered saline (PBS). PBS was weh@nd discarded and
RNA was extracted and purified using the RNEasyi rkilhaccording to the

manufacturer’s instructions. The concentration bARNn the purified samples
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was measured spectrophotometrically. The absoebatc260 nm (RNA
content) and 280 nm (protein content) of a 1:2Qtdih of purified RNA was
measured. RNA concentrationg/ml was calculated by multiplying.Ay by

20 (dilution factor) x 38 (extinction coefficiendif RNA).

3.5.2 Reversetranscription

An equal quantity of RNA (typically 0.5 — dg) from each sample was used
for the RT step. RNA was reverse transcribed total reaction volume of 25
ul of 1x Moloney murine leukaemia virus (M-MLV) RTubfer, containing 130
units of M-MLV reverse transcriptase, 26 units dld&e inhibitor, 0.6ug
oligo(dT)5 primer and a 2 mM concentration of each dNTP. fHagetion was

incubated at 42°C for 90 min.

3.5.3 Polymerase chain reaction

Aliquots of RT products were subsequently usedfdymerase chain reaction
(PCR). RT products (2) were amplified in a total reaction volume of pD
1x PCR buffer containing 1.5 mM magnesium chlori@l@ mM of each dNTP
and 0.5uM of both the sense and antisense primers. Reactere “hot
started” by addition of 2.5 units of RedTaq DNA yrokrase during the initial
denaturation step at 95. Amplification was carried out in a PTC 100 thei
cycler (MJ Research, Inc). Primer sequences anglifecation time and
temperature profiles are described under experahgmotocols in chapter 4.
The PCR products were visualized by eletrophor@si$% agarose gel in 0.5x
TBE buffer (89 mM Tris borate, 2 mM EDTA, pH 8.3}ax staining with 0.5

pg/ml  ethidium bromide. The ultraviolet (UV)-illumated gels were
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photographed, and the densitometry was analyzedj ube GeneGenius gel

documentation and analysis system (Syngene, CagehridK).

3.6 Quantitative real time RT-PCR

MCP-1, HDAC-1 and HDAC-2 mRNA expression was deiesd by
guantitative real time RT-PCR (gRT-PCH3-2-microglobulin was used as the
housekeeping gene (302). Reverse transcribed ciyd#é subjected to real
time PCR using Excite Real Time Mastermix with SYBReen and the ABI
Prism 7700 detection system (Applied Biosystemstrington, Cheshire, UK).
Each reaction consisted of 1x Excite mastermix, BY&reen (1:60,000 final
concentration), 40nM of both sense and antisenseeps, 1.6ul DNA (or
dH,0) and HO to a final volume of 20ul. Thermal cycler coimafits included
incubation at 95°C for 10 min followed by 40 cycleis95°C for 15 sec and
60°C for 1 minute. Integration of the fluoresceBR Green into the PCR
product was monitored after each annealing stepl#ication of one specific
product was confirmed by melt curve analysis whersingle melting peak
eliminated the possibility of primer-dimer assow@at For melting curve
analysis to be performed the products were heated 60°C to 95°C over 20

min after the 40 cycles.

To enable the levels of transcripts to be quantifgandard curves were
generated using serial dilutions of HASM cDNA. [d@ge controls consisting
of no template were included and all reactions vgeteup in triplicate. MCP-1
or HDAC expression was normalised to the housekegegéne by dividing the

MCP-1 or HDAC triplicate value by the mean of tBe2-microglobulin
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triplicate value. Primer sequences used for gRRR{e described under

experimental protocols in chapters 4 and 5.

3.7 Western blot analysis

HASM cells were grown to confluence in 6 well pltnd growth arrested for
24 h. Two wells were used for each condition. kdmtely before each
experiment, media was changed to fresh serum-fredianand cells were
treated with ET-1 (10 ng/ml) or TN&-(10 ng/ml) for the times indicated. In
inhibitor studies, cells were pre-incubated witthieée or inhibitor for 30 min
prior to stimulation. The medium was removed, tleds were washed with
PBS and lysed with 1Q0 lysis/protein extraction buffer consisting of 2tV
Tris:HCI, pH 6.8, 75 mM NaCl, 5 mM EDTA, 0.25% wtlv sodium
deoxycholate, 0.05% wt/vol sodium dodecyl sulp{&PS) and 0.5% vol/vol
Triton X-100 supplemented with PMSF (0.1 mg/mlydeptin (10 pg/ml), and
aprotinin (25 pug/ml). The protein content of thdéracts was determined by
Bradford assay (303), and the samples were thetedill:4 in Laemmli buffer
(0.125 M Tris-HCI, 20% vol/vol glycerol, 0.2% wti&DS, 6% vol/vol3-
mercaptoethanol and 0.2% wt/vol bromophenol blue) boiled for 5 min.
Denatured proteins (25 pug) were separated by SDSEP#Asing an 8 cm x 8
cm 7.5% SDS gel and electroblotted onto an ImmulodBVDF membrane in
Tris buffer (20 mM Tris base, pH 8.3, 192 mM gh&in20% vol/vol
methanol). The membrane was blocked overnight iis-Quffered saline-
Tween (TBS-T, 20 mM Tris-base, pH 7.4, 150 mM NdZC1% vol/vol Tween
20) containing 5% wt/vol non-fat dry milk (hereafteferred to as 5% milk).

After washing in TBS-T, the membrane was then iateth with 1:1000
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dilution of primary antibody overnight af@ in TBS-T containing 5% wt/vol
BSA (for phosphokinase or total kinase antibod@s) h at room temperature
in 5% milk (for all other primary antibodies). Bsowere washed with TBS-T
and incubated with 1:3000 dilution of the approfgrinorseradish peroxidase
(HRP)-conjugated secondary antibody in 5% milkX¥dr at room temperature.
The blot was washed in TBS-T and staining was aeliewith enhanced
chemiluminescence (ECL) Western blotting detectiemgent. The blot was
incubated with ECL reagent for 45 sec and finakgased to high performance
chemiluminescence film. The position and molecwarght of the protein of
interest was validated by reference to rainbow w@&@d molecular weight
markers. Reprobing of the blot for the loadingtools GAPDH ora-tubulin
was carried out by blocking the membrane for 1 foam temperature in 5%
milk then following the above steps to detect GAR®{tubulin with anti-
GAPDH antibody (1:20000 dilution) or ardHubulin antibody (1:5000) in

5% milk.
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3.8 Vectors and transient transfections

3.8.1 Vectors

MCP-1 promoter/enhancer vectors consisted of thie3giiasic plasmid vector
containing either the wild-type human MCP-1 enhamegion (-2802 to -2573
relative to the translation start codon) or thexpral section of the wild type
human MCP-1 promoter region (-167 to -1, Figure) 3upstream of a
luciferase reporter gene. These constructs haequsly been described in

detail (250).

AP-1 AP-1 NF-1  CAAT
-157/-150  -132/-122  -88/-70 -43/-33

107 @

NF-kB SP-1
-150/-137 -127/-115

Figure 3.1  The human MCP-1 gene is regulated by aistal enhancer
region containing two nuclear factor kappa B (NFkKB) consensus
sequences (not shown), and a more complex proximpfomoter region.

The MCP-1 promoter construct used in this study cosisted of the 167 bp
upstream of the translational start codon driving aluciferase reporter

gene. Numbers refer to the 5 nucleotide relativéo the translation start

site. AP-1: activator protein-1; NFKB: nuclear factor-kB; Spl: small

protein 1; NF-1: nuclear factor-1.

The MCP-1 promoter construct deletion series wagftafrom Dr. Garzino
Demo (University of Maryland, USA) (304) and comsd of the PGL2-basic
plasmid vector containing the 486, 213 or 128 bgingam of the translational

start codon driving a luciferase reporter geneyféd.2).
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IRIS AP-1 AP-1 NF-1  CAAT

-227/-214 -157/-150  -132/-122  -88/-70 -43/-33
486
GAS NF-kB SP-1
-214/-204 -150/-137 -127/-115

iy mm——@

35

128

'

Figure 3.2  MCP-1 promoter deletion series. The MCHR promoter
deletion series consisted of the 486, 213 or 128 kypstream of the
translational start codon driving a luciferase repoter gene. IRIS:
interferon response inhibitory sequence; GAS: gammactivated site.

The NF«B reporter construct 6NKBtkluc was a gift from Dr. Robert Newton
(University of Calgary, Canada) and contains thi@edem repeats of the

sequence 5-AGC TTA CAA GGG ACT TTCGL TGG GGA CTT TCC

AGG GA-3', which harbours two copies of the KB- binding site
(underlined) upstream of a minimal thymidine kings®moter driving a
luciferase reporter gene (305). The AP-1 reparterstruct pRTU14 was a
gift from Dr. Arnd Kieser (GSF National Researcm@e, Munich, Germany)
and consists of a luciferase gene under the coatralminimal promoter and
four TREs (120-tetradecanoate-13-acetate responsive elementhichwhe

AP-1 transcription factor binds) (306).
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3.8.2 Transfection protocol

All transient transfections were conducted usinG&ie 6 transfection reagent
according to the manufacturer’'s recommended pratadddSMC were seeded
into 24-well plates at a concentration of 2.5 X/0. When cells reached 50
to 60% confluence they were growth arrested fori8 serum-free, antibiotic
free DMEM containing 4 mM L-glutamine. After 8 h,eaiia was changed for
400l of fresh, serum-free, antibiotic-free DMEM. DN#as complexed with
FuGene 6 in serum-free, antibiotic free DMEM atatiar of 1 ug DNA:3 pl
FuGene 6. 10@l of DNA:FuGene 6 complex was added to each wethef
24 well plate to give a final amount of Qu4 DNA:1.2 ul FuGene 6 per well.
After 16 h of incubation, the media was changedthedransfected cells were
treated with ET-1 (10 ng/ml) or TNé&-at the concentrations indicated, for the
indicated times. The cells were then washed wig® Rnd lysed in 100 pl of
passive lysis buffer. Firefly luciferase activitlas measured by using the Dual
Luciferase Reporter Assay System (Promega) withadWumatPlus LB96V
Automatic Microplate Luminometer (Berthold Techrgiks, Herts, United

Kingdom).

3.9 Chromatin immunoprecipitation assay

ChlIP was performed using the ChIP-IT™ ExpresskAdti¢e Motif). HASMC
in 75cnf dishes at 80-90% confluence were growth arrested24 h and
incubated with ET-1 (10 ng/ml) or TN&-(10 ng/ml) for the times indicated.
Cells were then fixed by incubation for 10 min abm temperature with 1%
formaldehyde. The 1% formaldehyde media were redoand the cells

washed in ice-cold PBS. The reaction was stoppdid @viL M glycine (5 min
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room temperature) and the cells washed again vBi&. PThe cells were then
collected in 2 ml PBS supplemented with PMSF anketgeel for 10 min at
2500 rpm at AC. The cells were re-suspended in lysis buffepgsad)
containing PMSF and a protease inhibitor cockfalC|) and incubated on ice
for 30 min. Cells were centrifuged at 5000 rpm 1@ min at 4°C and the
pellet re-suspended in shearing buffer (supplieghpemented with protease
inhibitors. Samples were subsequently sonicatec (HO sec pulses with
incubation on ice between each cycle of sonicatiotp) chromatin fragments
of an average length of 500 - 800 bp. The sheehenimatin was centrifuged
at 13,000 rpm at 4°C for 12 min and the supernatamntaining the sheared
chromatin, retained. Teul of chromatin from each sample was transferred to
a fresh microfuge tube and reserved as “input” DNAThe remaining
chromatin was aliquoted and incubated with pro®@irmagnetic beads and
antibody (4ug) directed against the transcription factor oractdr of interest
overnight at 4°C with rotation. Immunoprecipitatethterial was washed 3
times with wash buffer (supplied), and eluted fréime magnetic beads by
incubation in elution buffer (supplied) for 15 mat room temperature with
rotation. Cross-links were reversed by additionreferse cross link buffer
(supplied) followed by incubation at 65°C for 2.5 Hnput samples were
subject to the same incubation to reverse cro$s lafter dilution 1:10 into
ChlIP buffer 2 (supplied) and addition of NaCl tdireal concentration of 0.1
M. Recovered material was treated with proteirtassnd incubated at 37°C
for 60 min to digest the proteins. Input samplesensubject to an additional
purification step prior to PCR analysis. Input g8 were treated with

RNAse A and incubated at 37°C for 30 min prior teepol chloroform
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extraction. The recovered DNA was quantified byRP&3 described in section
3.5.3, using the specific primers spanning the leggry region of the human
MCP-1 or eotaxin promoters and the following tinmel demperature profiles:
initial denaturation at € for 3 min, followed by 30 cycles of denaturatin
94°C for 20 sec, primer annealing at°’&9for 30 sec, primer extension at’C2

for 30 sec.

3.10 Cell viability (MTT) assay

The toxicity of inhibitors and the vehicle DMSO HASMC was determined
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrdzon bromide (thiazolyl
blue [MTT], Sigma). After incubation with the chamals for the indicated
times, the cell culture supernatants were aspiraed250ul of 1 mg/ml MTT
in serum-free medium was added to each well of @ plate and incubated
for 20 min at 37C. The MTT medium was removed and 2B@f DMSO was
added to solubilize the blue-coloured tetrazoliu@ptical densities were read
at 550 nm in a microplate reader. Viability wasnpared to that of control

cells, with viability of controls defined as 100%.
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CHAPTER 4. REGULATION OF MONOCYTE CHEMOTACTIC PROTEIN -1
EXPRESSION BY ENDOTHELIN -1
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4.1 Introduction

As described in chapter 1, asthma is an inflammyadisease of the airways.
Resolution of inflammation normally results in m@sttion of normal tissue
structure and function. In chronic asthma, thesegsses become disordered,
leading to airway remodelling, manifest as an iaseein ASM mass, mucous
gland hyperplasia, an increase and alteration traegllular matrix (ECM) and
subepithelial fibrosis (126). The increased thideef the ASM layer is a key
feature of the remodelled asthmatic airway. Thikighly significant, since in
addition to their contractile properties, ASM cellse a rich source of
cytokines, mediators, chemokines, growth factorgl amatrix modifying

enzymes that contribute to airway inflammation esrdodelling.

Inflammatory response genes can be switched onhby (BO7) or Th-2 (308)
cytokines or inflammatory mediators acting at hsmembrane GPCRs (309).
Activation of gene expression by GPCRs providegrgrortant means of local
production of cytokines and growth factors whichntcibbute to inflammation
and remodelling (309). As we discussed in chafitem contrast to gene
expression events mediated by cytokines, the nuslgaalling cascades used
by GPCRs have not been well characterised. Hun&M Aells (HASMC) are
a useful model system to study GPCR signalling imary cells as they

express the GPCRs for many important inflammatoegliators (178, 310).

The Knox lab have previously shown that the inflaatony mediator BK can

actively signal to the nucleus to mediate genestiaption events using

complex prostanoid dependent signalling pathwaysluing AP-1, NFkB
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and C/EBP (311, 312). These signals are transdogdtie Gq-coupled B2
BK receptor. It is not clear whether these nuclggnalling pathways are
unique to BK or shared by otheg{dinked GPCRs. Endothelin-1 (ET-1) is a
21 amino acid vasoactive and pro-inflammatory pkeptihat acts at &
coupled E'R and ETE receptors. As described in chapter 1, there tensxe
evidence implicating ET-1 in the pathogenesis dhrag. There has been a
wealth of studies of the effects of ET-1 on ASM traation but, despite animal
studies implicating ET-1 in airway inflammation,ete have been very few
previous studies of ET-1's effects on release @ammatory cytokines and
mediators from ASM. ET-1 has been shown to in@ehe release of the
chemokines IL-8 and MCP-1 from several other oglesin vitro (241, 313,
314) and has been implicated in induction of chammkeleasen vivo (241,

315, 316).

The ETa and EE receptors activate calcium and inositol phosplsateond
messenger pathways (317-319). ET-1 can also &etthe MAPK family of
signalling proteins. For example, ET-1 activateERand JNK in rat tracheal
smooth muscle cells (319, 320). Similarly, ET-Hunes the MEK/ERK
pathway in human lung fibroblasts (191), and th&KBR2, p46 and p54 JNKs
and p38 MAPKSs in cardiac myocytes (192). Howevkere have been few
studies of nuclear signalling by ET-1 and, furtherej the transcriptional and
post-transcriptional regulation of chemokine expi@s by ET-1 has not been

studied.

72



As described in chapter 1, MCP-1 is a chemokind@fCC subgroup which is
chemotactic for monocytes (236, 237) and T-lymplexy238, 239) and is,
like ET-1, implicated in the pathophysiology of lasta through multiple lines
of evidence. The Knox group and others have shinah HASMC express
MCP-1 and that levels of expression are upregulbtedytokines (242, 249,
250). However, there have been few studies in Akhe effects on MCP-1
expression by asthma mediators acting at GPCRwuah it is known that
bradykinin induces MCP-1 secretion from human Ifibgoblasts (321). The
aim of the experiments described in this chaptes wa determine the
mechanisms used by ET-1 to induce MCP-1 expressida.used a variety of
molecular and pharmacological tools to charactettige signalling pathways
involved. Specifically we tested the hypothesex:th

1. ET-1 stimulates MCP-1 release from HASMC.

2. This occurs through a transcriptional mechanism.

3. The downstream signalling pathways are MAP kinageeddent.
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4.2 Experimental protocols

HASMC were grown in 6 well plates (Western blottiegperiments), 75cm
flasks (ChIP assay) or 24 well plates (all otheperkments) as described in
chapter 3. Cells were growth arrested for 24 brpio each experiment. The
principle findings of this study were confirmed tissue from three different
donors. Subsequent mechanistic studies were pegtbron cells from one

donor.

421 MCP-1releasefromHASMC
Human MCP-1 release from HASMC was measured usimgramercially

available ELISA kit (R&D) as described in chapter 3

4.2.2 Determination of ET receptor mRNA expression by polymerase chain

reaction

RNA extraction, reverse transcription and PCR veareied out as described in
chapter 3. The primer sequences used were awfIlldGAPDH sense, 5'-
CCA CCC ATG GCA AAT TCC ATG GCA-3'; GAPDH antisensg-TCT
AGA CGG CAG GTC AGG TCC ACC-3'; Ed'receptor sense, 5’-TGG CCT
TTT GAT CAC AAT GAC TTT-3’; ETa receptor antisense, 5-TTT GAT
GTG GCA TTG AGC ATA CAG GTT-3'; EFE receptor sense, 5-ACT GGC
CAT TTG GAG CTG AGA TGT-3’; EE receptor antisense, 5-CTG CAT
GCC ACTTTT CTT TCT CAA-3' (182, 322). PCR was gad out using the

following temperature and time profiles. GAPDHhitial denaturation at 9&

for 3 min, followed by 30 cycles of denaturation®tC for 30 sec, primer
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annealing at 61 for 30 sec, primer extension at°@for 30 sec. A final
chain extension was carried out at’@2for 10 min. ET receptors: initial
denaturation at 9€ for 1 min followed by 35 cycles of denaturatianog°C
for 1 min, primer annealing at 82 for 1 min, primer extension at Q2 for 3

min. Final chain extension was carried out &C7#r 10 min.

4.2.3 Determination of MCP-1 mRNA expression by real time polymerase

chain reaction

Real time PCR was carried out as described in ehdt Primer sequences
used were as follows: MCP-1 sense, 5- GAT CTC A&JA GAG GCT CG -
3’; MCP-1 antisense, 5- TGC TTG TCC AGG TGG TCC AT (250); B2
microglubulin sense, 5- GAG TAT GCC TGC CGT GTG-3pB2

microglobulin antisense, 5’- AAT CCA AAT GCG GCA Te3’ (302);

4.2.4 Chromatin immunopr ecipitation assay

ChIP assay was performed as described in chaptBrifher sequences used to
amplify the immunoprecipitated products by PCR wasefollows: MCP-1
promoter sense: 5-CCC ATT TGC TCA TTT GGT CTC AGC-MCP-1

promoter antisense: 5’-GCT GCT GTC TCT GCC TCT TRGA-3' (243).

4.25 DataAnalysis

MCP-1 protein or mRNA or luciferase levels were regsed as the means of
the individual technical replicates for that expent. The experiments were
repeated at least twice, and the results showresept group means +/- SE.

Absolute MCP-1 levels are presented for the int@icentration response and
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time course experiments. In subsequent mecharsstidies, the data are
expressed as fold increase or percentage of contrdhe number of
independent experiments and technical replicates fvhich the data are
derived is also indicated in the figure legendsalisis of variance (ANOVA)

of the raw data was used to determine statisticadjgificant differences, using
the statistical software package SPSS version 14.0h time course

experiments, the terms of the ANOVA included expemt, time and ET-1.
Overall p-values for the effect of time and ET-le goresented. Time
dependence of the effect of ET-1 was determineditigg an interaction

between ET-1 and time. In concentration respongerarents, the terms of
the ANOVA included experiment and concentrationvefall p values for the
effect of ET-1 or inhibitor are presented. Comgams between individual
concentrations of ET-1 and control, or inhibitomgmared to ET-1-stimulated
cells, were assessed using Dunnet’'s post-hoc d¢mmecfor multiple

comparisons. A p value of <0.05 was regardedaisstally significant.
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4.3 Results

4.3.1 ET-1 stimulates the release of MCP-1 from cultured HASMC

We first studied the effect of ET-1 on the relea$eMCP-1 from HASMC.
Sub-confluent, growth arrested cultured HASMC weeated for 24 h with
increasing concentrations of ET-1 up to 10 ng/rAT-1 stimulated MCP-1
release in a concentration dependent manner (Figliye In other experiments
where higher concentrations of ET-1 were used,unthér increase in effect
was observed (data not shown). Ten ng/ml of ET-% thearefore used in all
subsequent experiments. HASMC were next treatéd 1@ ng/ml of ET-1 for
0,1, 2, 4,8, 16 and 24 h. ET-1 caused a timemdgnt increase in MCP-1

release (Figure 4.2).

700 - *kk
600 -
500 +
400 ~
300 H
200 H
100 o

MCP-1 (pg/ml)

0 0.1 1 10
[ET-1] (ng/ml)

Figure 4.1  Concentration response of ET-1-stimulate MCP-1

production by HASMC. Cells were treated for 24 h vith ET-1 at the

concentrations indicated. ET-1 significantly incrased MCP-1 release
(p<0.001). ***P<0.001 compared with unstimulated ells. Each bar
represents group mean (SE) derived from 13 replicas in 4 independent
experiments (n=3 different primary donors).

77



10009 —3 control
N ET-1

= 750+

£

(@)]

2

— 500+

o

O

= 250+ |l| ' IJ_‘

0 — rtl i
0 1 2 4 8 16 24

Time (h)

Figure 4.2  Time course of ET-1-stimulated MCP-1 prduction by
HASMC. Cells were treated with ET-1 (10 ng/ml) forthe indicated times.
ET-1 significantly increased MCP-1 release from HABIC in a time-
dependent manner (ET-1 vs control: p<0.001. Intergtion between ET-1
and time: p<0.001). Each bar represents group meafSE) derived from
18 replicates in 7 independent experiments (n=3 ddrent primary
donors).
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4.3.2 HASMC express endothelin A and endothelin B receptor mRNA

Two endothelin receptors have been cloned and seqdethe EX and EE
receptors. To determine whether HASMC expressesketheceptors we used
RT-PCR to look at their RNA. RT- PCR demonstrates presence of mRNA

for both receptors in HASMC (Figure 4.3).

Figure 4.3  ETa and ETg receptor mRNA is expressed in HASMC.
Representative gel from one of 3 independent expemnents.
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4.3.3 Effects of ET-1 on MCP-1 release are mediated by ETa and ETg
receptors

We next performed pharmacological studies to expldhe relative
contributions of the two receptor subtypes to Eméddiated MCP-1
expression. The dual-selective ET receptor antagdmosentan and the
selective ER and EE receptor antagonists, BQ123 and BQ788 respectively
inhibited ET-1-stimulated MCP-1 production in a centration-dependent
manner (Figures 4.4 to 4.6). Both antagonistsbhitdd ET-1-stimulated
MCP-1 production at concentrations equivalent td &gn-fold higher than
their respective pA values (6.9 - 7.4 and 6.9 for BQ123 and BQ788
respectively (323)). The antagonist concentratiwage chosen to be selective
for the relevant receptor, as both inhibitors dréeast 3 orders of magnitude
more selective for their respective receptors (325). These data suggest
that both ER and EE receptors are involved in this response. An aulthl
effect was observed when BQ123 and BQ788 were usedmbination at a
submaximal concentration (Figure 4.7) but this wédorderline statistical

significance (p=0.05).
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Figure 4.4 The dual selective ET receptor antagortis bosentan
concentration-dependently inhibited ET-1-stimulated MCP-1 production

(p<0.001). ***P<0.001 compared with ET-1-stimulatd cells. Each bar
represents group mean (SE) derived from 11 replicas in 3 independent
experiments.
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Figure 4.5  The selective EX receptor antagonist BQ123 concentration-
dependently inhibited ET-1 stimulated MCP-1 producton (p<0.001).
***P<(0.001 compared with ET-1-stimulated cells.
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Figure 4.6  The selective EJ receptor antagonist BQ788 concentration-
dependently inhibited ET-1 stimulated MCP-1 producton (p<0.001).
*P=0.03; ***p<0.001 compared with ET-1-stimulated ells.
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Figure 4.7  BQ123, BQ788 and both inhibitors in comimation (10° M)
significantly inhibited ET-1-stimulated MCP-1 production (p<0.001). P
for interaction = 0.053.

Figures 4.5 — 4.7: each bar represents group medB8E) derived from 6
replicates in 2 independent experiments.
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4.3.4 Effects of ET-1 on MCP-1 release are mediated by p44/p42 and p38
MAP kinases but not by JNK or P13 kinase

MAP kinases are involved in multiple inflammatoratipways, including
airway inflammation (326) and, furthermore, it isokvn that ET-1 can activate
MAP kinases in ASM and other biological systems1(1®19, 320, 327). We
therefore hypothesised that ET-1 may stimulate MQ#lease through MAP
kinase dependent pathways. PD980591(RN), a selective inhibitor of MEK,
immediately upstream of p44/p42 MAPK, or ERK (3329), inhibited ET-1
stimulated MCP-1 production (Figure 4.8) suggestngle for p44/p42 MAP
kinase. Consistent with this, Western blotting dastrated a time dependent
increase in phosphorylation of p44/p42 MAP kinading stimulation with

ET-1 (Figure 4.9).
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Figure 4.8  Effect of PD98059 on ET-1-stimulated MCH production.

PD98059 (20 uM) inhibited ET-1-stimulated MCP-1 production.

***p<0.001 compared with cells treated with ET-1 abne. Each bar
represents group mean (SE) derived from 11 replicas in 3 independent
experiments.
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Figure 4.9 Western blot showing time-dependent phosphorylationof
p44/p42 MAPK by ET-1. An increase in phospho-p4442 MAPK is seen
at 5 minutes and is sustained until 30 minutes. Reesentative blot from
one of 4 independent experiments.
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The p38 MAP kinase inhibitor SB203580 (20M) also inhibited ET-1-
stimulated MCP-1 production (Figure 4.10) (330urtRermore, ET-1 caused

an increase in phosphorylation of p38 on Westeonttihg (Figure 4.11).
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Figure 4.10 Effect of SB203580 on ET-1-stimulated MCP-1 produabn.
SB203580 (20 pM) inhibited ET-1-stimulated MCP-1 production.
***P<0.001 compared with cells treated with ET-1 abne. Each bar
represents mean (SE) of 16 replicates in 2 indepeadtt experiments.
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Figure 4.11 Western blot showing time-dependent plsphorylation of
p38 MAPK by ET-1. An increase in phospho-p38 MAPKis seen at 5
minutes and is sustained until 30 minutes. Represtative blot from one of
3 independent experiments.
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In contrast to our observations with PD98059 an®®380, the selective
JNK inhibitor SP600125 (1QuM) (331) and the PI3 kinase inhibitors

Wortmannin (100 nM) and LY294002 (M) (332, 333) had no effect on ET-

1-stimulated MCP-1 production (Figures 4.12 an@%.1

6001 ET-1
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MCP-1 (% of control)

Control SP600125
10 uM

Figure 4.12 The JNK inhibitor SP600125 (1uM) had no effect on ET-1-
stimulated MCP-1 production. Each bar represents gup mean (SE)
derived from 10 replicates in 3 independent experignts.
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Figure 4.13 Effect of the PI 3 kinase inhibitors wdmannin and
LY294002 on ET-1-stimulated MCP-1 production. Wortmannin (107 M)
and LY294002 (1@ M) had no effect on ET-1-stimulated MCP-1
production. Each bar represents group mean (SE) deed from 8
replicates in 2 independent experiments.
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4.3.5 ET-1increases MCP-1 mRNA levels

We next tested the hypothesis that the regulatidi@P-1 expression by ET-1
occurs at a transcriptional level. We used gRT-R&€Retermine the levels of
MCP-1 mRNA following treatment of HASMC with ET-1@ ng/ml). MCP-1
MRNA levels were normalised to the house keepinge @2 microblogulin.
ET-1 significantly increased MCP-1 mRNA levels tela to control
(unstimulated) cells (Figure 4.14). The increases detectable at 2 h, and was

sustained throughout the 24 hour period studied.
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Figure 4.14 ET-1 increased expression of MCP-1 mRNA measured by
gRT-PCR (p<0.001 compared to control cells). Theffect was time
dependent (p for interaction between ET-1 and time= 0.003). MCP-1
MRNA was normalised to the housekeeping gerfi2 microglobulin. Each
bar represents group mean (SE) derived from 12 replates in 4
independent experiments.
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4.3.6 ET-1 does not affect MCP-1 mRNA stability

We performed mRNA stability studies with the tramston inhibitor
actinomycin D (Act D) to determine whether ET-1ffeets on MCP-1 mRNA
levels were due to stabilisation of the MCP-1 mRNAMCP-1 mRNA is
constitutively expressed in HASMC. Cells were ipated for O to 24 h with 1
pg/ml of Act D alone (which blocks the productionrew transcripts), or Act
D and ET-1 in combination. ET-1 had no effect loa tate of decay of MCP-1
transcripts, indicating that ET-1 was not actingstabilise MCP-1 mRNA

(Figure 4.15).
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Figure 4.15 Effect of ET-1 on MCP-1 mRNA stability. ET-1 treatment
had no effect on the rate of decay of MCP-1 transgts. Each point
represents group mean (SE) derived from 6 replicatein 3 independent
experiments.
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4.3.7 ET-1increases MCP-1 promoter activity

Next, vectors encoding the wild type MCP-1 promaterenhancer regions
upstream of a luciferase reporter gene were tratigidransfected into

HASMC. Consistent with the gRT-PCR results, ETdused a 2.2-fold

increase in MCP-1 promoter-driven luciferase regrogene expression at 6 h.
This effect was still detectable at 16 h as a ald-increase (Figure 4.16).
There was a trend towards a smaller and later kiiron of MCP-1 enhancer-
driven reporter gene expression, with a 1.7-folitease detected following 16
h incubation with ET-1 (Figure 4.17), although thisl not reach statistical

significance (p=0.1).
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Figure 4.16 Effect of ET-1 on MCP-1 promoter activy. ET-1
stimulated MCP-1 promoter-driven luciferase activity (p=0.03 compared
to controls). Each bar represents group mean (SEglerived from 18
replicates in 3 independent experiments.
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Figure 4.17 Effect of ET-1 on MCP-1 enhancer actity. Although there
was a trend towards an effect of ET-1 on MCP-1 enhmer-driven
luciferase activity, this was not statistically sigificant (p=0.106 compared
to controls). Each bar represents group mean (SEjerived from 16-26
replicates in 3-6 independent experiments.
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4.3.8 Effects of ET-1 on the MCP-1 promoter map to a region between 213
and 128 base pairs upstream of the translational start codon

In order to determine which region of the MCP-1mater was responsible for
ET-1's effects, HASMC were transiently transfectesith constructs
expressing serial deletions of the human MCP-1 ptem consisting of the
486, 213 or 128 bp upstream of the translationaft stodon. Cells were
stimulated with ET-1 for 6 h, since maximal trartsation of the wild-type
promoter was observed at this time. ET-1 signifigaup-regulated activity of
the 486 and 213 constructs but had no effect amitgcof the 128 construct,
suggesting that the region between 213 and 128 [pgtraam of the
translational start codon is required for the dffeof ET-1 on MCP-1

transcriptional activation (Figure 4.18).
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Figure 4.18 HASMC were transiently transfected withserially deleted
MCP-1 promoter constructs consisting of the 486, &lor 128 bp upstream
of the translational start codon and stimulated wih ET-1 for 6 h. ET-1
stimulated luciferase activity driven by the 486 ad 213 constructs but had

no effect on the 128 construct.

**p=0.008; ***p<@01. Each bar

represents group mean (SE) derived from 18 replicas in 3 independent
experiments. IRIS = interferon regulated inhibitory sequence; GAS =
gamma activated site; AP-1 = activator protein-1; W¥-kB = nuclear factor-
KB; Spl = small protein-1; NF-1 = nuclear factor 1.

95



4.3.9 ET-1 stimulates activity of an NF-xB and an AP-1 reporter construct

The region between 128 and 213 bp upstream of G€{¥ translational start
codon contains consensus sequences for the tratscrfactors NF«B and
AP-1. To confirm that ET-1 can activate these gcaiption factors in
HASMC, we transiently transfected HASMC with &B- and AP-1 reporter
constructs and stimulated with ET-1 for 6h. ETaused a 1.7-fold increase in
luciferase activity of the NkB construct (Figure 4.19) and a 1.6-fold increase

in activity of the AP-1 construct (Figure 4.20).
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Figure 4.19 Effect of ET-1 on NFkB reporter-driven luciferase activity

following treatment with ET-1 for 6 h. *P=0.03 conpared with control.

Each bar represents group mean (SE) of 18 replicatein 3 independent
experiments.
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Figure 4.20 Effect of ET-1 on AP-1 reporter-drivenluciferase activity
following treatment with ET-1 for 6 h. *P=0.03 conpared with control.
Each bar represents group mean (SE) of 12 replicatein 2 independent
experiments.
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4.3.10 JNK inhibition has no effect on ET-1-stimulated MCP-1 promoter
activity

Since ET-1 activated both the 128 MCP-1 promot@stroct (containing two
AP-1 consensus sequences) and the AP-1 reportstrgoty we hypothesised
that inhibition of JNK, an upstream activator of -APwould inhibit ET-1-
stimulated MCP-1 promoter activity. Interestingiypwever, the JNK inhibitor
SP600125 (10M) had no effect on ET-1-stimulated MCP-1 promatetivity

(Figure 4.21).
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Figure 4.21 Effect of SP600125 on ET-1-stimulated ®P-1 promoter

activity. HASMC transiently transfected with the wild-type MCP-1

promoter construct were stimulated with ET-1 for 6 h in the absence or
presence of the JNK inhibitor SP600125. SP60012%adhno effect on ET-1-
stimulated MCP-1 promoter activity. **p=0.009 compared with controls.

Each bar represents group mean (SE) derived from 12eplicates in 2
independent experiments.
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4.3.11 |Inhibitor of kB kinase-2 (IKK-2) blockade inhibits ET-1-stimulated
MCP-1release

Our findings with the transiently transfected MCHafomoter and NkB
reporter constructs suggested that tNB--was involved in ET-1-stimulated
MCP-1 release. We next studied the effect of titebitor TPCA-1 (which
blocks IKK-2, thereby inhibiting the NkB activation pathway) on ET-1-
stimulated MCP-1 release. TPCA-1 concentratioreddpntly inhibited ET-1-
stimulated MCP-1 production with a —logsiCof 6.2 +/- 0.1 (Figure 4.22),
further supporting the hypothesis that KB-is involved in ET-1-stimulated

MCP-1 production.
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Figure 4.22 Cells were pre-incubated with the IKK-2inhibitor TPCA-1
for 30 min prior to 24 h stimulation with ET-1. TPCA-1 concentration-
dependently inhibited ET-1-stimulated MCP-1 producton (4 parameter
logistic regression). Each point represents groumean (SE) derived from
12 replicates in 4 independent experiments.
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4.3.12 ET-1 promotes in-vivo binding of NF-4B p65 subunit and AP-1 cJun
subunit to the MCP-1 promoter

To confirm whether NB, AP-1, or both were involved in ET-1's effects at
the MCP-1 promoter, we studied tie vivo binding of these transcription
factors to the MCP-1 promoter by ChIP assay. Wmdothat ET-1 stimulated
binding of both p65 and cJun to the MCP-1 promaseggesting that both
transcription factors are involved (Figures 4.28 dr24). We observed a 1.5-
fold increase in p65 binding to the MCP-1 promaierl h, with a return to
basal levels by 1.5 h. A similar transient riseclun binding to the MCP-1
promoter was observed, with a 2.2-fold increaseJuan binding seen at 1 h

that returned to basal levels by 2.5 h.
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Figure 4.23 ChIP assay, with accompanying densitortrg, showing
effect of ET-1 onin vivo binding of NF-kB p65 subunit to the MCP-1
promoter. ET-1 promotedin vivo binding of p65 to the MCP-1 promoter.
The density of the immunoprecipitated band (IP) wasiormalised to that
of the input control at the same time point, and epressed as fold increase
over time zero. Representative gel from one of twandependent
experiments. NAC = no antibody control.
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Figure 4.24 ChIP assay, with accompanying densitortrg, showing
effect of ET-1 onin vivo binding of AP-1 cJun subunit to the MCP-1
promoter. ET-1 promotedin vivo binding of cJun to the MCP-1 promoter.
The density of the immunoprecipitated band (IP) wasormalised to that
of the input control at the same time point, and epressed as fold increase
over time zero. Representative gel from one of twandependent
experiments. NAC = no antibody control.
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4.3.13 PD98059 and SB203580 inhibit ET-1-stimulated binding of p65 and
cJun to the MCP-1 promoter

We next performed ChIP assay to study the effe€tthe® MEK inhibitor
PD98059 (2QuM) and the p38 MAPK inhibitor SB203580 (20M) on ET-1-
stimulated binding of p65 and cJun to the MCP-1nmter. PD98059 and

SB203580 inhibited p65 and cJun binding to the MICBromoter (Figure

4.25).

ET-1 - + + + - + + + - + + + + o+
PD98059 - - + - - - + - - - + -
SB203580 - - - + - - - + - - - + - -
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Figure 4.25 ET-1-stimulated binding of p65 and cJunto the MCP-1

promoter at 1h was inhibited by PD98059 (PD, 2AM) and SB203580 (SB,
20 uM). The density of the immunoprecipitated band (I was normalised

to that of the input control of the same condition,and expressed as fold
increase over unstimulated cells. Representativeely, with accompanying
densitometry, from one of two independent experimas. NAC = no

antibody control.
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4.3.14 Cdl viability
Cell viability with all chemicals/inhibitors used this study was greater than

90 % of that of control cells as determined by MasBay (see Appendix).
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4.4 Discussion

The major finding of this study is that ET-1 indackICP-1 expression in
HASMC and that this occurs through a transcriptianachanism involving
activation of the MCP-1 promoter region. Furtherejothe regulation of
MCP-1 by ET-1 involves Ed and EE receptors and both p44/p42 MAPK and
p38 MAPK dependent pathways, but not JNK or Pl3a&e dependent

pathways.

We found that ET-1 increased MCP-1 production icoacentration and time
dependent manner (Figures 4.1 and 4.2). MCP-tleased from HASMC
constitutively, thus even under unstimulated coodg (control cells), MCP-1
accumulates in the culture medium over time. Hawevthere is a clear
increase in MCP-1 release from the ET-1 stimulats. Of note, a previous
study in HASMC did not show induction of MCP-1 isponse to ET-1 (242).
However, the concentration of ET-1 used in thatlgtwas 1uM, or 2492

ng/ml, some 250-fold higher than the concentratised in our study. It may
be that ET-1's effects are biphasic, with a losseffiect at this higher
concentration. There are isolated reports of ETntreasing MCP-1
production in endothelial and mesangial cells (2834), but none from
HASMC. Furthermore, the mechanisms used by ET-Uptoegulate MCP-1

expression have not been studied in any biologigstem.

We next determined the endothelin receptor(s) mesipte for its effects. Two

endothelin receptors have been identified and dp&d, and EE receptors,
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both of which are expressed by HASMC (335, 336).e W¥nfirmed the
presence of mMRNA for both receptors in HASMC by RTR (Figure 4.3).
Our studies with antagonists of differing ET-recgpecificity indicated that
both receptor subtypes are involved in ET-1 stiteaddICP-1 release (Figures
4.4 to 4.6 respectively). Both antagonists inlethiET-1-stimulated MCP-1
production at concentrations equivalent to and fodoh- higher than their
respective pAvalues (6.9 - 7.4 and 6.9 for BQ123 and BQ788 eethyely
(323)). The antagonist concentrations were chdeehe selective for the
relevant receptor, as both inhibitors are at I&astders of magnitude more
selective for their respective receptors (324, 32n)r observations using the
ETa and EE receptor antagonists are interesting as they asinwith ET-1-
potentiated HASMC proliferation, which appears &rbediated solely by BT
receptors (197) and ET-1-mediated HASM contractiowhich is
predominantly E§ mediated (335, 337) (although one study suggeistat]

both receptors contribute (336)).

Inhibition of the effects of ET-1 by each of thelestive ET receptor
antagonists strongly implies the presence of betteptor subtypes at the
protein level. However, our findings would be sgthened by confirming
receptor expression at the protein level. Potetgcnniques that could be used
to demonstrate the presence ofsE8hd EE receptors include flow cytometry,
immunofluorescent labelling coupled with confocalcrascopy, or Western
blotting. Although, as discussed above, the Eeptwr antagonists BQ123
and BQ788 should be selective for their respedtvgets at the concentrations

used in this study, it is possible that the obsgrgfects could be brought
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about through non-selective effects on the oppasiteptor. Demonstrating
the presence of both receptors at the protein eeld support the inference

that both receptor subtypes are involved in EThingtated MCP-1 expression.

To further probe the signalling pathways involved turned our attention to
kinase cascades. Studies using kinase inhibitggested that ET-1-stimulated
MCP-1 production by HASMC involved p44/42 and p38&RIikinases, but not
JNK (Figures 4.8, 4.10 and 4.12 respectively) (338). Consistent with the
inhibitor studies, ET-1 was shown to activate p42/mnd p38 MAP kinases

by Western blotting (Figures 4.9 and 4.11 respebt)v

ET-1 activates MAP kinases in a number of systegi®,(320, 327, 338).
P44/p42 MAP kinase is known to be activated by EirASM from other
species and has been implicated in ET-1-mediateldfgrative responses (319,
320, 339, 340). Furthermore, p44/p42 MAPK and pB&K are involved in
IL-13-stimulated MCP-1 production in HASMC (341). Tissnteresting as it
suggests that cross talk could occur between awekand GPCR-mediated
pathways of chemokine expression. MAP kinasesirarelved in multiple
inflammatory pathways (342) and it has been shdwah MAPK inhibitors can
attenuate the inflammatory disease process in ammoaels of rheumatoid
arthritis (343, 344). Interestingly, ET-1 inducespression by human lung
fibroblasts of connective tissue growth factor,important profibrotic protein
that induces collagen synthesis, via a p44/p42 MA®endent pathway,

suggesting that ET-1 may be involved in both théammatory and
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remodelling components of asthmatic disease and bloéh components

involve p44/p42 MAPK.

The ET-1 receptors, RTand ETE, are seven transmembrane GPCRs which
couple to Gq and activate calcium and inositol phosphate secoedsenger
pathways (317-319). There is also some experirhentdence that g, can
activate PI3 kinase (192, 345), although this pathig not well characterised.
Pharmacological studies using wortmannin and LYB2240mplicated PI3
kinase in the development of an enhanced contegatienotype of pulmonary
fibroblasts by ET-1(338). In contrast, mitogengnslling in response to ET-1
in bovine ASM appeared to be independent of Plagen(346). We found that
the PI3 kinase inhibitors wortmannin and LY2940@& mo effect on ET-1-
stimulated MCP-1 production, suggesting that ETe€lfffects are not mediated
by PI3 kinase (Figure 4.13). The concentrationsthase inhibitors were

selected to be equal to or higher than their pbbtdd G, values (332, 333).

We found that MCP-1 mRNA is expressed by HASMC undesting
conditions, and that ET-1 increased MCP-1 mRNA (Feg4.14). Studies of
MCP-1 mRNA stability confirmed that this was noteffect on stabilisation of

the MCP-1 message (Figure 4.15).

To confirm that ET-1 was acting transcriptionalye transiently transfected
cells with wild-type MCP-1 promoter and enhanceciferase reporter
constructs. ET-1 significantly increased MCP-1mpoter-luciferase reporter

activity and there was a trend towards activatidnthe MCP-1 enhancer
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construct (Figures 4.16 and 4.17 respectively)pettng the hypothesis that
ET-1 regulates MCP-1 expression by HASMC transiomatlly. There is one
previous report of ET-1 increasing MCP-1 mRNA (ionfan brain-derived
endothelial cells (241)) but, to our knowledgestts the first study to show
such an effect in HASMC and the first to demonstditect activation by ET-1
of the MCP-1 promoter/enhancer in any biologigatem. The magnitude of
ET-1's effects on the MCP-1 promoter and enhanoastructs suggested that
the promoter was more important in the transcr@ligegulation of MCP-1 by
ET-1. We therefore focused our subsequent expatsy@ determining which
transcription factors were most important in adtoa of the MCP-1 promoter

by ET-1.

There is little information on the transcriptiorcfars activated by ET-1. In
glioma cells, AP-1 is involved in ET-1-stimulatedopnkephalin expression
(347) and, in rat cardiac myocytes, ET-1-stimulabedin natriuretic peptide
transcription involves NkB (348) and a ternary complex of GATA proteins
and serum response factor-activated atrial natraufactor (349). ET-1 has
also been shown to increase Spl expression imrdiac myofibroblasts (350).
However, there are no published studies on thesd¢rgtion factors activated
by ET-1 in HASMC. The wild type MCP-1 enhancerioggcontains two NF-
KB binding sites; the MCP-1 promoter construct usethese studies includes
two binding sites for AP-1, single Spl, MB- and NF-1 binding sites and a
CCAAT box (Figure 3.1). Given that previous stedieve implicated AP-1,
NF-kB and Spl in ET-1-stimulated responses in othetesys any or all of

these transcription factors could potentially bepamant in ET-1-induced
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MCP-1 expression. Using serially deleted MCP-1npoter constructs, we
found that a region between 213 and 128 base pgstream of the
translational start site was both necessary arfecigunit for maximal activation
of the MCP-1 promoter by ET-1 (Figure 4.18). Tiggion harbours consensus
sequences for the NKB and AP-1 transcription factors. Truncation oé th
promoter to -213 bp disrupts the GAS found at -214204 bp, therefore it is
unlikely that the GAS is involved in ET-1's effectdthough it is possible that
this region retains some functionality. Site dieecmutagenesis or additional

deletion analysis of the GAS would be requiredltoity this further.

The magnitude of the effect of ET-1 on the MCP-bnpoter deletion
constructs was modest, and smaller that that oMtBE-1 promoter construct
(Figures 4.16 and 4.18 respectively). The delesenes was a gift from
another laboratory; the serially deleted promotemsre cloned into the
commercially supplied PGL2 basic plasmid (Promeda).contrast, the wild-
type MCP-1 promoter used in this study was clomta the newer PGL3 basic
plasmid vector (Promega). These plasmids have beguentially optimised
by the supplying company to improve, amongst otli@racteristics, reporter
gene expression in response to stimulation of daegulatory elements. This
may in part explain the smaller effects of ET-1 rseeith the deletion
constructs.  Although a formal quantification ofetrefficiency of our
transfection system (Fugene 6, Roche Molecular &otdcals) was not
specifically performed for this study, other resbars in the Knox lab have
demonstrated an overall efficiency of transfectiorHASMC of 10 — 15%

when transfecting a green fluorescent protein-esging plasmid using the
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Fugene 6 system (K. Deacon, personal communicatioljhe relative
advantages and disadvantages of this system aresdexdd in more detail in

Chapter 6 (Methodological Considerations)

Our studies with the NkB and AP-1 luciferase reporter constructs showed
that ET-1 activated both of these transcriptiortdexcin HASM (Figures 4.19
and 4.20 respectively). This is consistent withole for these transcription
factors in transcriptional regulation of MCP-1 byl-E. Furthermore the
results of ChIP assays (Figures 4.23 and 4.24) @ndNF-kB pathway
inhibition by TPCA-1 (Figure 4.22) (351) supportae for NFkB and AP-1

in ET-1-stimulated MCP-1 expression. The MEK intab PD98059 and the
p38 MAPK inhibitor SB203580 inhibited binding of p@&nd cJun to the MCP-
1 promoter, suggesting that these kinases mediaté-&imulated MCP-1
production transcriptionally, via NkKB and AP-1 (Figure 4.25). It was beyond
the scope of this study to determine the precisehar@sms by which p38 and
p44/42 MAPK alter p65 and cJun binding to the MCPr@moter. However
this could be brought about through phosphorylatibcomponents of the NF-
KB and cJun activating pathways, or by affectingoofatin accessibility. To
our knowledge, this is the first study to delinetite kinase cascades used by

ET-1 to activate specific transcription factors.

The effect of ET-1 on NB reporter luciferase activity was relatively small
(1.7-fold increase). Although the ChIP studies ahd effect of NF«B
pathway inhibition on ET-1-stimulated MCP-1 expreasprovide additional

evidence of a role for NkB, additional techniques could have been employed
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to strengthen these findings. These include ssudie NFKB nuclear
translocation, through immunofluorescence studiesWeestern blotting of
nuclear and cytosolic fractions before and aftemwation with ET-1, or

studies of NF«B phosphorylation orkiB degradation by Western blotting.

We were surprised that the JNK inhibitor SP600128 ho effect on either
MCP-1 protein release or promoter activation (Fegur4.12 and 4.21
respectively), as JNK is an upstream activatorJeincand, taken together, our
transfection and ChIP studies strongly suggest tedun mediates
transcriptional regulation of MCP-1 by ET-1. Howeythere are reports of
JNK-independent activation of cJun (352), includingp44/42 MAPK (353).
Thus ET-1-mediated activation of cJun in HASMC nisy occurring by a

JNK-independent pathway.

In the ChIP assays, binding of p65 and of cJurheoNICP-1 promoter was
transient and relatively short lived, maximal athdur in both cases, and
returning to baseline by 1.5 hours in the case66f pnd by 2.5 hours for cJun.
In contrast, an increase in MCP-1 mRNA was firgnsat 2 hours, peaking
later, at 8 hours. A similar phenomenon was seerthe transcriptional

regulation of eotaxin release by TNf-where p65 binding and histone
acetylation at the eotaxin promoter was maxim&0at 60 min, waning by 2.5

hrs, whereas eotaxin mMRNA peaked later, at 4 haurggesting that the two
processes are not temporally contiguous (224). il&imesponses have been
observed in the Knox lab in the regulation of otbleemokines by TN+ and

IL-1 (K Deacon, personal communication). A possikelkplanation for this
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observation is that, once transcriptional activatitas taken place through
transcription factor binding and chromatin remadellat promoter regions, the
transcriptional apparatus is free to continue twehsg the coding region of

the gene, even after transcription factor dissmmarom the promoter.

The magnitude of ET-1's effects on p65 and cJurdibop to the MCP-1
promoter, as measured by semi-quantitative PCRdanditometry, is modest.
For the ChIP studies, we would ideally have likea dquantify the
immunoprecipitated material by gPCR. However, weoeintered a number of
technical difficulties in optimising the gPRC asgay the region of interest of

the MCP-1 promoter. This is discussed in moreidetahapter 6.

Our transcriptional studies of ET-1-stimulated MCkPelease (MRNA studies,
reporter gene assays and ChIP assays) all shovetivelyy modest effects of
ET-1 relative to the more pronounced effect on MICprotein release. This
may be for a number of reasons. First, as destréimve, transcriptional
activationin vivo is in part regulated through chromatin remodellargl the
epigenetic code. In the reporter gene assays,M@®-1 promoter and
enhancer plasmid vectors lack the native chromatwironment of the
chromosomal MCP-1 gene. Thus transcriptional atitw of the reporter gene
vectors is likely to be less efficient in the abserof the normal chromatin
structure. Secondly, ET-1’s effects may be angdifoetween the mRNA level
and the level of protein expression through sigmgltascades. Thirdly, other
than mRNA stability studies, we did not explore apgst-transcriptional

mechanisms. It may be that ET-1 exerts its effeatdMCP-1 expression, in
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part, through post-transcriptional mechanisms. elev, a detailed
exploration of post-transcriptional mechanisms Wwagond the scope of this

study.

There have been a number of studies of MCP-1 trgmigmal regulation in the
context of inflammation. These have demonstrateslvement of various
transcription factors in MCP-1 regulation in an apgmtly stimulus- and tissue-
specific manner. For example, STAT-1 and Spl vieoed to interact with
the MCP-1 promoter in response to interferon ganfiFid-y) in macrophages
(354). In contrast, in rat aorta cells hyperinsaéimia induced C/EBP binding
to the MCP-1 promoter (355). Intriguingly, Tefeegmeet al defined an
ordered sequence of events in the TéNFegulated activation of the MCP-1
promoter in a human fibroblast cell line (223). A induced binding of NF-
KB to the MCP-1 enhancer, triggering recruitmenttheg transcriptional co-
activators and histone acetyltransferase enzyme® @Bd p300. This
facilitated interaction of the distal MCP-1 enhanaéh the proximal promoter
region, enabling Spl binding to the promoter regad subsequent activation
of transcription. Whilst a number of studies hawelirectly implied
involvement of AP-1 in MCP-1 transcriptional regida, for example through
correlation of levels of MCP-1 expression with sarption factor expression
or activation (356, 357), or through electropharetiobility shift assay studies
(358, 359), to our knowledge this is the first stid directly demonstratan
vivo binding of AP-1 to the MCP-1 promoter by ChIP gss&his is one of

very few reports of MCP-1 regulation by mediatorsreg at GPCRs (360) and,
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to our knowledge is the first to demonstrateivo binding of NFKB and cJun

to the MCP-1 promoter in response to ET-1 in amjdgical system.

Inhibition of the NFKB pathway has been shown to inhibit the releasstlodr
inflammatory cytokines and chemokines from HASM@ &m inhibit cytokine
expression and inflammatory cell accumulation ia litmgs of a rodent model
of asthma following ovalbumin challenge (361). KiB-pathway blockade
also inhibited the late asthmatic response in trbaimin-challenged animals
(361). Our results with ET-1 add to the body ofdemce suggesting that
targeting common downstream signalling moietieshsas NF«B, may have
therapeutic potential by simultaneously inhibitimgultiple inflammatory

pathways.

In conclusion, this study is the first to deline#ite signalling pathways used
by ET-1 to increase production of MCP-1, an imparrtehemokine strongly
implicated in asthmatic airway inflammation. Wevlashown that ET-1
regulates MCP-1 by transcriptional mechanisms wiagl NFkB and AP-1,
and that the upstream signalling pathways involvin lET, and EE receptors
and p38 and p44/p42 MAP kinases. Our propsed merhaof MCP-1
regulation by ET-1 is summarised in Figure 4.26hisTstudy adds to the
growing body of evidence implicating a number ofmtoon downstream
targets, including MAP kinases and the pro-inflartonatranscription factor
NF-kB, onto which multiple inflammatory signalling patays converge.
Such targets are likely to be relevant in the dgwalent of new therapeutic

modalities for the treatment of asthma.
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Figure 4.26 Proposed sequence of events in thersgxriptional regulation
of MCP-1 by ET-1. ET-1, acting at ETy» and ETg receptors, activates p38
and p44/42 MAP kinases. Activation of these kinaseleads on to
activation of cJun and p65, the latter through actvation of IKK-2, leading
to phosphorylation and dissociation of IkB, allowing translocation of p65
from the cytosol to the nucleus. Upon activationgJun and p65 bind to the
MCP-1 promoter, allowing RNA polymerase Il to bind at the
transcriptional start site and synthesise MCP-1 mRNM. Multiple arrows
indicate probable multiple steps in the signallingoathways that were not
fully characterised in this study. It is not clear whether the two ET
receptors activate distinct kinase cascades, or wiier both receptors can
activate p38 and p44/42.
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CHAPTER 5. REGULATION OF EOTAXIN EXPRESSION BY TNF-O AND ITS
MODULATION BY GLUCOCORTICOIDS AND LONG ACTING BETA AGONISTS

ROLE OF NF-kB, HISTONE H3 ACETYLATION AND HISTONE DEACETYLASES
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5.1 Introduction

Allergic airway inflammation in asthma is charaed by accumulation of
eosinophils within local tissues. Eotaxin is arpartant CC chemokine that is
a potent chemoattractant for eosinophils and plagsimportant role in

eosinophilic inflammation (362). As described ihapter 1, airway smooth
muscle cells are critically involved in inflammaticand remodelling in the
asthmatic airway, and studies from this lab anestihave previously shown
that eotaxin is released from these cells in respoto proinflammatory

cytokines such as ILfland TNFea (203, 363).

The main two classes of drugs used in the treatmieasthma in the clinical
setting are ICS anf2-adrenoceptor agonistfZ-agonists). Clinical studies
have shown that treatment of patients with modei@ateevere asthma with a
combination of ICS and LABA provides superior benefompared to
treatment with either class of drug alone (364,)368 is currently unclear
whether the superiority of the LABA/ICS combinatiaes due to their
complementary mechanisms of action or due to addir synergistic effects
on airway inflammation. The mechanisms of the-arftammatory effects of
GC have been discussed in detail in chapter 1. cdByrast, the potential anti-
inflammatory effects of LABA are less well undestip but may involve
effects on mast cell stabilisation, plasma exudatay inflammatory cell
trafficking, independent of the actions of GC (366However, there is
increasing interest in the interactions between BAdhd GC, and a number of
observations support the possibility of additivesgnergistic effects of these

agents on inflammatory gene expression. For exand agonists caused
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nuclear translocation and DNA binding of the GRuiifibroblast cell line (367).
Furthermore, salmeterol enhanced the ability ofadesthasone to suppress
proliferation and cytokine release from allergemstated human peripheral
blood mononuclear cells (368). Similar additivéeefs of LABA and GC on
cytokine release were observed in cultured humiavasiepithelial cells (369)
and, in fibroblasts, salmeterol also enhanced thppressive effect of

fluticasone on the expression of intercellular aitbre molecule-1 (370).

In keeping with these clinical and laboratory olations, this group has
shown previously that GC an@2-agonists both inhibit TNE-stimulated
eotaxin and IL-8 release from HASMC and that, whsed in combination, the
two classes of drug have additive or synergistieot$ (154, 203, 224). This is
interesting, as it may explain, in part, the claliiobservations when these
drugs are administered in combination. We haveubetp explore the

mechanisms involved.

Inflammatory gene expression is regulated at séJerels. These include
activation of transcription factors (such as kIB) via kinase cascades, binding
of transcription factors to specific recognitiormlents in gene promoters, by
chromatin remodelling, and through post-transasipi modification. As
described in chapter 1, transcriptional regulatadfngenes in their native
chromatin environment is highly complex, involvingvalent modifications to
histone proteins, resulting in a more open chramsttiucture, and facilitating
binding of transcription factors and their co-fastoand activation of

transcription. Acetylation of histone proteinsbhiought about by HATs, and
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deacetylation by HDACs. Our previous studies shibtirat TNFe increased
eotaxin release through a transcriptional mechani$ime effects of TNk at
the eotaxin promoter were largely mediated by thescription factor NkB,
and the mechanism involved acetylation of histork ddsociated with the
eotaxin promoter (224). This same study went orshow that the GC,
fluticasone propionate (FP) and the LABA salmetésallme) inhibited TNF-
a-induced p65 binding and histone H4 acetylatiortha eotaxin promoter
(224). Again, the two drugs in combination haditadel effects. However, the
mechanisms by which FP and salme repressed hisidnacetylation, and
thereby NFkB recruitment to the eotaxin promoter remain urnclea
Furthermore, it is not known whether TNiFalters acetylation status of other
histones at the eotaxin promoter, and whetherefbes, part of the effects of
FP and salme may be mediated through effects aylaien status of other

histone proteins.

Recently, there has been interest in the roles PAESs in inflammatory

airways diseases including asthma and COPD. thestwof bronchial biopsies
of patients with asthma, levels of HDACs 1 and 2emeduced compared to
control subjects, whereas HDAC 2 levels in asthenaaitients treated with ICS
were the same as control subjects. Furthermotal tdDAC activity in

bronchial biopsies of patients with asthma was akstuced compared to
control subjects, and was significantly higherhaitgh still reduced compared
to controls) in patients treated with ICS (371)mifar observations were noted
in alveolar macrophages isolated from asthmatiepit and normal controls

(372). Similarly, HDAC 2 expression and total HDA&Ctivity was reduced in
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peripheral lung tissue and alveolar macrophagegaifents with COPD
compared to normal controls (298). The possibiliigt targeting HDACs may
be of therapeutic potential has been raised bylservation that the existing
PDE4 inhibitor, theophylline, used to treat COPDd amsthma, increased
HDAC activity in bronchial biopsies of patients Wwitisthma, and that the
increase in HDAC activity showed a positive cortiela with PGq for
methacholine and correlated inversely with sputwsirephilia (373). There
is also evidence that, in response to glucocoditimulation, the GR can
interact with HDACs to inhibit histone acetylatiamduced by inflammatory
cytokines (220). However, the mechanism throughciwviTNF-a induced
histone H4 acetylation at the eotaxin promoter ¢ fully understood,
furthermore, the mechanisms used by FP and salnrediace histone H4
acetylation and p65 recruitment to the eotaxin gt@mare not known. In the
experiments described in this chapter we sougleixfdore these mechanisms
in more detail. Using a variety of cellular andlenular assays, we tested the

hypotheses that:

1. TNF-a causes other histone acetylation events (namelgdé8ylation)
at the eotaxin promoter.

2. FP and salme modulate TNFstimulated NF«B activation.

3. TNF-a, FP and salme alter the expression of the keyiaftemmatory
HDACs 1 and 2 in HASMC.

4. TNF-a, FP and salme alter total HDAC activity in HASMC.
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5.2 Experimental protocols

HASMC were grown in 6 well plates (Western blottiegperiments, HDAC
activity assay), 75cfnflasks (ChIP assay) or 24 well plates (all other
experiments) as described in chapter 3. Cells wevath arrested for 24 h
prior to each experiment. The principle findingé tbese studies were
confirmed in tissue from three different donors.ubSequent mechanistic

studies were performed on cells from one to thieeods.

5.2.1 Eotaxinrelease fromHASMC
Human eotaxin release from HASMC was measured ugirggmmercially

available ELISA kit (R&D) as described in chapter 3

5.2.2 Determination of HDAC 1 and 2 mRNA expression by real time
polymerase chain reaction.

Real time PCR was carried out as described in ehdpt Primer sequences
used were: HDAC-1 sense, 5- ACC GGG CAA CGT TAQAT-3;
HDAC-1 antisense, 5- CTA TCA AAG GAC ACG CCA AGT @&’; HDAC-

2 sense, 5- TCA TTG GAA AAT TGA CAG CAT AGT -3’; BAC-2
antisense, 5’- CAT GGT GAT GGT GTT GAA GAA G -32 microglubulin
sense, 5- GAG TAT GCC TGC CGT GTG-3B2 microglobulin antisense, 5'-

AAT CCA AAT GCG GCA TCT-3' (302).
5.2.3 Nuclear extractions for total HDAC activity assay
Nuclear extractions were performed using the NUCREA (Sigma) extraction

kit according to the manufacturers protocol witmsomodifications. HASMC
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were grown to confluence in 90 mm Petri dishes. e @ish was used per
condition. Cells were washed twice in ice-cold PB&or to transfer to
microcentrifuge tubes and centrifugation at 450g 3omin at 4°C. The
supernatants were discarded and the cells resuspémdhypotonic lysis buffer
(supplied) supplemented with PIC andM. dithiothreitol (DTT) at a ratio of
5ul lysis buffer : Jul packed cell volume. Samples were incubated erfac
15 min prior to addition of 10% Igepal (@ Igepal to 100ul lysate). The
lysates were centrifuged at 10,000g for 30 sec°@&. 4 The supernatants
containing the cytoplasmic fraction were removed e pellet containing the
nuclear fraction washed with lysis buffer. Thelgtsl were resuspended in
extraction buffer (supplied) supplemented with RI@& 1uM DTT (0.66 pl
extraction buffer to Jul packed cell volume) and vortexed for 15 min. The
samples were then centrifuged at 20,0009 for 5an#fC and the supernatants
containing the nuclear fractions snap frozen initignitrogen prior to storage

at -70°C until use.

5.2.4 Histone deacetylase assay

HDAC assay was performed using a colorimetric agstyaccording to the
manufacturer's protocol (Upstate). HASMC were tedawith TNFa (10
ng/ml) for the times indicated. In inhibitor stedj cells were pre-incubated
with inhibitors or vehicle for 30 min prior to treaent with TNFe (10 ng/ml).
Following stimulation, nuclear extracts were preplaas described in section
5.2.3. Thirtyug of nuclear extract in a volume of pDwas added to 30 of 2

x HDAC assay buffer (supplied) in duplicate intollw@f the supplied 96 well

plate and allowed to equilibrate to 37°C. Tghof 4 mM HDAC assay

122



substrate (supplied) was added to each well, thte phixed and incubated at
37°C for 60 min to allow deacetylation of the cateetric substrate by HDAC
enzymes contained in the test samples. To reldsseolorimetric molecule
from the deacetylated substrate, |J20of activator solution containing gM
trichostatin A (TSA) was added to each well. THate was mixed and
incubated at room temperature for 20 min prioreading absorbance at 405
nm in a microplate reader (Tecan GENios). A stathdarve was generated by
serial two-fold dilution of the provided 1 mM HDA@ssay standard. The
standards were incubated with the test samplestraatied identically from
addition of activator solution. Twengy of HeLa nuclear extract (supplied), or
20 pl of HelLa nuclear extract plus TSA were assayethgdme the test
samples as positive and negative controls resmygti\Results were expressed
as absorbance at 450 nmsd(arbitrary units). Effects of drugs (FP, salme)

were expressed as percentages of control values.

5.2.5 Chromatin immunopr ecipitation assay

ChlIP assay was performed as described in chaptBrifher sequences used to
amplify the immunoprecipitated products by PCR wasefollows: eotaxin
promoter sense: 5’-CTT CAT GTT GGA GGC TGA AG-3ytaxin promoter

antisense: 5'-GGA TCT GGA ATC TGG TCA GC-3'.

5.2.6 Dataanalysis
Results were expressed as the means of the individahnical replicates for
that experiment. The experiments were repeatéehat twice, and the results

shown represent group means +/- SE. Absolute eolaxels are presented for
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the initial concentration response and inhibitopemments. In subsequent
mechanistic studies, the data are expressed adnitiease or percentage of
control. The number of independent experimentsnfiwhich the data are
derived is also indicated in the figure legendsalisis of variance (ANOVA)
of the raw data was used to determine statisticadjgificant differences. A p

value of <0.05 was regarded as statistically siggut.
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5.3 Results

5.3.1 TNF-a stimulates the release of eotaxin from cultured HASMC

We first studied the effect of TN&-on eotaxin release from HASMC.
HASMC were stimulated for 24 h with 0 — 100 ng/mNA-a. TNF-a

concentration-dependently stimulated eotaxin relelasm HASMC (Figure

5.1).
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Figure 5.1.  Effect of TNFa on eotaxin release from HASMC. HASMC
were incubated for 24 h with TNFa at the concentrations indicated.
TNF-a caused a concentration-dependent increase in eotaxelease from
HASMC (p<0.001). Each bar represents group mean B derived from 8
replicates in 3 independent experiments performed ro cells from 3
different primary donors.
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5.3.2 Fluticasone and salmeterol inhibit TNF-a-stimulated eotaxin release

We next studied the effect of the glucocorticoidtitasone propionate (FP)
and the long-acting beta agonist salmeterol (salore) TNFa-stimulated
eotaxin release. Both FP (iaand 10 M) and salme (16 and 1&F M)

inhibited TNFa-stimulated eotaxin release (Figure 5.2).
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Figure 5.2.  Fluticasone (FP, 16 and 10° M) and salmeterol (Salme, 10

and 10° M) significantly inhibited eotaxin release from céls stimulated

with TNF-a (10 ng/ml). ## p < 0.01 compared with unstimulate(control)

cells. * p< 0.05, ** p < 0.01 compared with TNFa-stimulated cells. Each
bar represents group mean (SE) derived from 9 reptiates in 3
independent experiments.
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5.3.3 TNF-a does not cause acetylation of histone H3 associated with the
eotaxin promoter

Previous work the Knox group has shown that Td&NKicreases histone H4
acetylation and thence p65 recruitment to the @ogavomoter and that FP and
salme downregulate H4 acetylation and p65 bindinghe mechanisms by
which FP and salme reduce p65 binding are not.clgéde initially sought to
determine, by ChIP, whether other histones, naimistpne H3 associated with
the eotaxin promoter were acetylated in respons€NB-a. However, we
found that TNFa had no effect on H3 acetylation at the eotaxinnpter
(Figure 5.3). Since the lack of upregulation aftbhe H3 acetylation makes it
unlikely that FP and salme were exerting their@ffeon p65 binding through

effects on H3 acetylation, we did not explore thisher.
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Figure 5.3. ChIP assay, with accompanying densitogtry, showing effect
of TNF-a on histone H3 acetylation at the eotaxin promoter. HASMC
were treated with TNF-a (10 ng/ml) for the times indicated. The density
of the immunoprecipitated band (IP) was normalisedo that of the input
control at the same time point, and expressed aslfbincrease over time
zero. Representative gel from one of two independeexperiments.
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5.34 TNF-a stimulates NF-«B reporter activity in HASMC: fluticasone and
salmeterol do not alter this response

Since our previous studies showed that FP and satwa-regulated TNFe-
induced NFkB p65 binding to the eotaxin promoter, we went orstudy the
effect of TNFea, FP and salme on a transiently transfectedkBFReporter
construct. TNFa (10 ng/ml, 6 h) concentration-dependently stinedaNF-
KB reporter activity in HASMC (Figure 5.4). Howey&P and salme had no
effect on TNFea-stimulated NF«B reporter activity (Figures 5.5 and 5.6),
suggesting that the effect of these drugs on pB8itg to the eotaxin promoter

is not through altering NKB activation.

NF-kB luciferase activity
(fold increase)

0 0.001 0.01 0.1 1 10
[TNF-a] (ng/ml)

Figure 5.4. Concentration response of TNRstimulated NFkB
reporter activity. HASMC were transiently transfected with an NFkB
reporter construct and stimulated with TNF-a for 6 h at the
concentrations indicated. TNFe concentration-dependently stimulated
NF-kB reporter activity (p<0.001). Each bar representgroup mean (SE)
derived from 12 determinates in 3 independent expanents.
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Figure 5.5.  Fluticasone had no effect on TNl-stimulated NF-kB
reporter activity when cells were stimulated with a sub-maximal
concentration of TNF-a (1 ng/ml). Each bar represents group mean (SE)
derived from 20 determinates in 5 independent expenents. *** p < 0.001
compared to unstimulated (control) cells. Overallp for effect of
fluticasone = 0.425.
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Figure 5.6. Salmeterol had no effect on TNI&-stimulated NF-kB
reporter activity when cells were stimulated with a sub-maximal
concentration of TNF-a (1 ng/ml). Each bar represents group mean (SE)
derived from 12 determinates in 3 independent expéenents. *** p < 0.001
compared to unstimulated (control) cells. Overallp for effect of
salmeterol = 0.269.
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5.3.5 TNF-a does not affect HDAC 1 and 2 mRNA levels

Alterations in histone acetylation and transcriptiactor recruitment may be
brought about by altered global HDAC or HAT actyyitaltered HDAC or
HAT expression, or altered recruitment of speckHiATs or HDACs to the
gene promoter. We therefore went on to study tfeeteof TNF-a (10 ng/ml)
on total HDAC 1 and 2 mRNA levels. We quantifie®@AC 1 and 2 mRNA
levels by gRT-PCR. HDAC mRNA levels were normaliséo the
housekeeping gerfi2-microglobulin $2M). We found that there was a decay
of HDAC 1 and 2 mRNA levels over the 24 h studiedt there was no
significant difference between control (unstimutBtend TNFe-stimulated

cells (Figures 5.7 and 5.8 respectively).
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Figure 5.7.  Effect of TNFa (10 ng/ml) on HDAC 1 mRNA levels. There
was a time-dependent decay in HDAC 1 mRNA levels buno differences
were observed between control and TNIe-stimulated cells (p=0.15).
Each bar represents mean (SE) derived from 4 indepeent experiments.
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Figure 5.8.  Effect of TNFa (10 ng/ml) on HDAC 2 mRNA levels. There
was a time-dependent decay in HDAC 2 mRNA levels buo differences
were observed between control and TNIestimulated cells (p=0.76).
Each bar represents mean (SE) derived from 4 indepéent experiments.
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5.3.6 TNF-a does not affect HDAC 1 and 2 protein levels

As there were no differences in HDAC 1 and 2 mRx®els between control
and TNFea-stimulated cells, we speculated that T&FRwnay alter levels of

HDAC expression at the protein level. HDAC 1 angbrdtein levels were

therefore studied by Western blot of whole cellalgs (Figures 5.9 and 5.10
respectively). There was no change in HDAC 1 angr@ein levels in

response to TNIe stimulation over the time course studied.

Control TNF-a

GAPDH ™ se s o c— — — —— — — —

HDACl"--_ﬁ-‘$= T W e c— i—
Time() O 1 2 4 8 24 1 2 4 8 24

Figure 5.9.  TNF-a (10 ng/ml) had no effect on total HDAC 1 protein
levels by Western blotting. Representative blots rém one of two
independent experiments.
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Figure 5.10. TNFa (10 ng/ml) had no effect on total HDAC 2 protein
levels by Western blotting. Representative blotsrém one of two
independent experiments.
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5.3.7 Fluticasone and salmeterol do not affect HDAC 1 and 2 protein levels
Since our group’s previous studies have shown tRBt and salme
downregulate TNFx-stimulated H4 acetylation and p65 recruitment hie t
eotaxin promoter (224), but our NdB reporter gene assays suggested that this
was not due to an effect on TNFstimulated NF«B activation (Figures 5.5
and 5.6), we hypothesised that FP and salme’steffeay be mediated through
altered levels of HDAC expression. We were motgragsted in their effects
under TNFe-stimulated conditions, since the aim of these arpEnts was to
determine the mechanism by which these drugs dlt€eNF-a-stimulated H4
acetylation and p65 recruitment to the exotaxinnmpter. However, since
TNF-a itself did not affect levels of HDAC 1 and 2 exgs®n, we also tested
the effects of FP and salme on unstimulated c&lle. found that FP and salme
at 1JuM had no effect on HDAC 1 and 2 levels in eithestimulated or TNF-

a-stimulated cells (Figures 5.11 to 5.14).
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Figure 5.11. Fluticasone (JuM) had no effect on total HDAC 1 protein
levels in either unstimulated or TNFa-stimulated cells. Representative
blots from one of two independent experiments.
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Figure 5.12. Fluticasone (JuM) had no effect on total HDAC 2 protein
levels in either unstimulated or TNFa-stimulated cells. Representative
blots from one of two independent experiments.
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Figure 5.13. Salmeterol (1uM) had no effect on total HDAC 1 protein
levels in either unstimulated or TNFa-stimulated cells. Representative
blots from one of two independent experiments.
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Figure 5.14. Salmeterol (1uM) had no effect on total HDAC 2 protein
levels in either unstimulated or TNFa stimulated cells. Representative
blots from one of two independent experiments.
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5.3.8 TNF-a does not alter total HDAC activity

Since TNFe had no effect on levels of HDAC 1 and 2 at eittinier mRNA or
protein level, we hypothesised that THFmight increase HDAC activity
without modifying mRNA/protein levels. To test tHigpothesis we measured
HDAC activity using a commercially available ass&yASMC were incubated
with TNF-a (10 ng/ml) for the times indicated. TNFhad no effect on total

HDAC activity over the time course studied (Figbr&5).

0.125+
0.100+
0.0754
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Total HDAC activity (Asso)
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0 4 8 24
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Figure 5.15 Effect of TNFa on global HDAC activity in HASMC.
HASMC were stimulated with TNF-a (10 ng/ml) for the times indicated.
Nuclear extracts were assayed for total HDAC actity, measured by
colorimetric assay as absorbance at 450 nm 4&). TNF-a had no effect
on total HDAC activity in HASMC. Each bar represens mean (SE)
derived from 4 independent experiments.
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5.3.9 Fluticasone and salmeterol do not affect total HDAC activity

Similarly, since FP and salme had no effect on ltevd HDAC protein
expression, we speculated that these drugs may talild HDAC activity.
However, FP and salme had no effect on total HDASvidy in either
unstimulated or TNFx-stimulated conditions at 4 and 24 h (Figures @t

5.17).

—4hrs
I 24hrs

Total HDAC activity
(% of control)
o S
3 9

Figure 5.16 Effect of salmeterol (1JuM) and fluticasone (JuM) on total
HDAC activity in unstimulated HASMC. Cells were incubated for 4 or 24
h in the presence of salmeterol or fluticasone. 8aeterol and fluticasone
had no effect on total HDAC activity. Each bar repesents mean (SE)
derived from 2 independent experiments.
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Figure 5.17 Effect of salmeterol (1uM) and fluticasone (JuM) on total

HDAC activity in TNF- a stimulated HASMC. Cells were pre-incubated
for 30 min with vehicle, salmeterol or fluticasonghen stimulated for 4 or
24 h with TNF-a (10 ng/ml). Salmeterol and fluticasone had no ef€t on
total HDAC activity. Each bar represents mean (SE)derived from 2

independent experiments.
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5.4 Discussion

The human eotaxin promoter has been cloned andnabemof putative
regulatory elements identified, including bindinges for C/EBP, AP-1, NF-
KB and STAT-6 (374-376). Eotaxin gene regulation piiedominantly
mediated by NF«B and STAT-6, in a tissue- and stimulus-specifioinex. In
human airway epithelial cells, NbB mediates TNFx-induced transcription,
whereas IL-4-stimulated transcription is mediategd $TAT-6. Neither
stimulus promoted binding of C/EBP or AP-1 to eatagromoter elements
(376). In contrast, in fibroblasts, TNi~nduced eotaxin transcription is
mediated by both NkB and STAT-6 (377). In previous studies from this
group, the mechanism of TN#-nduced eotaxin expression was explored in
more detail in HASMC. We found that TNiFregulated eotaxin expression
transcriptionally and, furthermore, TNFs effects were predominantly
mediated by NF«B. TNF-0 promoted binding of NikB p65 to the eotaxin

promoter and acetylation of histone H4 associategd the eotaxin promoter

(224).

We have previously shown that TMFstimulated eotaxin release from
HASMC is modulated by FP and salme (203). Subss#mgiadies showed that
TNF-a regulates eotaxin transcriptionally and that FB same inhibit TNF-

a-induced eotaxin transactivation. Furthermoreyivo ChIP studies showed
that FP and salme repressed TédHstimulated eotaxin transcription through
inhibition of histone H4 acetylation and p65 birgliat the eotaxin promoter

(224). In this study we set out to determine thezimanisms by which FP and
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salme might modulate histone acetylation events &hdkB-dependent

activation of the eotaxin promoter.

We first confirmed the original observations by ogroup that TNFx

concentration-dependently stimulated eotaxin relelasm HASMC (Figure
5.1) and that FP and salme significantly inhibifedF-a-stimulated eotaxin
release (Figure 5.2). The results of these expeatsnavere broadly in

agreement with the previous reports from our gr@g3, 224).

We initially turned our attention to histone acatygn events, exploring
whether TNFa affected acetylation of other histone proteinsec#pally

histone H3, at the eotaxin promoter, by ChIP ass&jthough the role of
histone H4 acetylation has been studied quite sktely in inflammatory gene
regulation (183, 220, 224, 250, 378), histone H3lifflmations in association
with inflammatory gene promoters are less well ddalthough have been
described (379-381). We found that THF(10 ng/ml) had no effect on
histone H3 acetylation (Figure 5.3). This makesantkely that histone H3
acetylation events contribute to FP and salme &ff@e TNFea-stimulated p65

recruitment to the eotaxin promoter. We thereftice not pursue this line of

enquiry further.

The previous study by Niet al showed that FP and salme inhibitiedvivo
NF-kB p65 binding to the eotaxin promoter. We therefoavent on to
determine if the effects of salme and FP were tiinoNF«B activation. To

do this we transiently transfected HASMC with an-R&- luciferase reporter
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construct. The advantage of this approach is fthats a relatively
straightforward assay system which can give usdafiformation on
transcription factors or genes activated or downagd in response to a
particular stimulus. A potential disadvantage hattthe transfected vectors
lack the chromatin environment of native DNA, scsules need to be
interpreted with caution, since the lack of a chatimenvironment may alter
some responses. We found that TéllEoncentration-dependently stimulated
the activity of a transiently transfected XB-reporter construct (Figure 5.4).
Interestingly, however, FP and salme had no effecT NF-a-stimulated NF-
KB reporter activity (Figures 5.5 and 5.6 respedyiveAs described in chapter
1, the binding of transcription factors and thedrfactors to gene promoters,
and activation of transcription, involves covalenbdifications to histone
proteins, promoting a more open chromatin structWs& know from previous
studies in our laboratory that FP and salme inioibibf binding of NFKB to
the eotaxin promoter was dependent on the chromatwironment and
associated with acetylation of histone H4. It was seen when EMSA assays
were used which lack this chromatin environmen#§22The results with the
NF-kB reporter assay are probably compatible with thik of effect of FP
and salme, reflecting the lack of a chromatin esrwvinent when reporter assays
are used. The observation that neither FP nareshbd any effect on TNé-
stimulated NF«B reporter activity suggests that their effects rawe mediated
through direct inhibition of NkB or its upstream activating pathway, but that

some other, perhaps chromatin-dependent mechasiswalved.
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We speculated that the effects of TMNFen NF«B binding and histone H4
acetylation at the eotaxin promoter may be medigkedugh an effect on
histone deacetylase (HDAC) levels. Since HDACg@cemove acetyl groups
from acetylated histone proteins, a down-regulatetdnHDACs might be
expected to increase total acetylation at the @otasomoter. Further, since
transcription factor binding is facilitated by ek acetylation,
downregulation of HDACs could also explain the ease in NF«B binding to
the eotaxin promoter in response to TF-The aforementioned studies on
bronchial biopsies of patients with asthma (3712)3%vould support the
hypothesis that alterations in the amounts of HDAG&d 2 may be important
in promoting inflammatory gene expression in asthrivde therefore studied
the effect of TNFa (10 ng/ml) on total HDAC mRNA and protein levels,
focusing our studies on HDAC 1 and 2. We found thare was a decay of
HDAC 1 and 2 mRNA levels over the 24 h studied,thete was no difference
between control (unstimulated) and TNFstimulated cells (Figures 5.7 and
5.8). HDAC 1 and 2 protein levels were studiedvigstern blotting (Figures
5.9 and 5.10 respectively). HDACs 1 and 2 belamdhe class | HDACs,
which are exclusively localised to the nucleus a@uwdnot shuttle between
nucleus and cytoplasm (382). For this reason weied their levels in whole
cell lysates rather than nuclear and cytoplasméctions. There was no
change in HDAC 1 and 2 protein levels in responséNF-a stimulation over
the time course studied, suggesting that alteration levels of HDAC
expression are not responsible for the effectsNff-&i on NFkB binding and

histone acetylation at the eotaxin promoter.
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Although TNFa had no effect on HDAC 1 and 2 levels, we hypotessithat
FP and/or salme may upregulate total HDAC 1 ande\&ls, which may
explain the effects of these drugs on H4 acetytaséiod NFkB binding at the
eotaxin promoter. As our experiments with ThRdone had shown no effect
on HDAC 1 and 2 levels, but any effect of FP dm&awould be most relevant
in TNF-a stimulated cells (since we were interested inctffen the eotaxin
promoter under stimulated conditions), we perforrttezl experiments in both
unstimulated and TNB-stimulated cells. We found that FP and salme at
1uM, concentrations that this group has previousbwghreduce acetylation of
H4 and NFkB binding at the eotaxin promoter (224), had neafon HDAC

1 and 2 levels in either unstimulated or Thifstimulated cells (Figures 5.11 to

5.14).

In some of the Western blots depicting HDAC1 leveider various conditions
and at various time points, a second, slightly lomelecular weight band was
observed. This band was also noted in the otheer@rents of which the data
presented are representative. This second bandatichave a consistent
relationship to time, presence or absence of TiNbi-presence or absence of
fluticasone. It most likely represents a non-sfpedband with a similar
molecular weight to HDAC-1. To our knowledge, HDAG not expressed as
splice variants. An alternative explanation may best-transcriptional
modification of HDAC-1, which is subject to varioud these, including
phosphorylation, acetylation, sumoylation and ultidation (383). SUMO
(small ubiquitin-like modifier) proteins consist @found 100 amino acids,

with a molecular weight of approximately 12kDa. itdbtin consists of around
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76 amino acids, with a molecular weight of around &Da. Such

modifications would therefore alter the moleculagight of HDAC1 by an

amount consistent with the additional band obsemesbme, but not all of the
HDAC1 Western blots. However, these post trarmtadi modifications are
tightly regulated, having important effects on gkt functions. Thus it is
difficult to reconcile this possibility with the @onsistent relationship of the
additional band with the various conditions andetipoints studied, and non-

specific binding remains a more likely explanation.

Despite the lack of effect of TN&; FP and salme on HDAC 1 and 2 mRNA or
protein levels, it is possible that their effectslostone H4 acetylation and NF-
KB binding to the eotaxin promoter may be mediatedugh alterations of
HDAC activity, particularly as the previously debed studies in bronchial
biopsies and alveolar macrophages from asthmatierpa showed reduced
HDAC activity in these patients compared to norgwttrols (371, 372). We
therefore studied the effects of TNf-+P and salme on total HDAC activity in
HASMC. TNFa had no effect on HDAC activity in HASMC (Figurels).
This contrasts with the findings of Keslagtyal, who found an increase in total
HDAC activity in HASMC stimulated with TN (384). We are unsure why
this should be the case, since the conditions feparation, culture and
treatment of HASMC used in our laboratory were veigilar to those
described by Keslacgt al. Similarly, FP and salme had no effect on HDAC
activity in either unstimulated or TNé&-stimulated conditions (Figures 5.16

and 5.17).
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In summary, taken together, these data suggesthtbanechanisms by which
TNF-a, FP and salme bring about their effects on histdéheacetylation at the
eotaxin promoter is not through alterations in HDA&Vvels or activity.
Furthermore, since TNE-had no effect on histone H3 acetlylation at the
eotaxin promoter, it is unlikely that alterations histone H3 acetylation
contribute to FP and salme’s effects on p65 remernt to the eotaxin
promoter. This begs the question, what other nr@shes may be responsible

for the effects of FP and salme?

We focused our studies on HDACs 1 and 2 as these leen shown to have
altered levels in inflammatory lung diseases (2981). However, it is
possible that alterations in levels of other HDA@Gay have been responsible.
An alternative explanation is that FP and salmbeeiinhibit recruitment of
essential HATs to the eotaxin promoter, or promaogzruitment of
counterregulatory HDACs. A recently published study this group
demonstrated that TN&-increased p300 and pCAF recruitment to the eotaxin
promoter (228). It would be interesting to extdhdse studies to determine
whether FP or salme modulate THFstimulated p300 or PCAF recruitment.
Similarly, ChIP assays could be employed to stumydssociation of HDACs
with the eotaxin promoter, and whether their asdgom is up- or
downregulated by TNE/FP/salme. There is certainly evidence from co-
iImmunoprecipitation studies in A549 transformedealar epithelial cells that
another GC, dexamethasone, in association wittGiRecan recruit HDAC 2

to the activated p65/CBP complex. This observati@as associated with an
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inhibition of IL-1B-induced histone acetylation at the granulocyte+omttage

colony stimulating factor promoter (220).

Salme is a LABA that acts §-adrenergic receptors at the cell surface to
increase intracellular levels of cAMP. Cyclic ANdetivates cCAMP-responsive
genes through binding of cCAMP response elementifgndrotein (CREB) to
the cAMP response element (CRE). It is possibée tihe effects of salme are
mediated indirectly through induction of cAMP-regpive genes. It is
tempting here to draw parallels with the effectstiméophylline on HDAC
activity since theophylline inhibits PDE4, thus ult®g in elevated
intracellular cCAMP levels. However, the study Iy dt al found the effects of

theophylline to be independent of PDE4 inhibitiBi ).

In addition to acetylation of histones, it is nowokvn that other cellular
proteins may be targets for both HATs and HDACs.hese include
transcription factors such as MB- (385), the GR (299) and molecular
chaperone proteins critical to normal GR functid38g). It would be
interesting to determine whether FP or salme abetylation status of these
other regulatory elements in HASMC, and whethes tis any bearing on

regulation of inflammatory response genes suclotei.

In conclusion, we have shown that FP and salmeotiinhibit TNF-a induced
histone H4 acetylation or p65 binding at the eatapromoter through
alterations in H3 acetylation status, alterationdevels of HDAC 1 and 2

expression, or changes in total HDAC activity. @tlpossible mechanisms
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include effects on HAT or HDAC binding to the eatapromoter, changes in
expression of HDACs other than 1 or 2, or perhdfgsadions in acetylation

status of other important nuclear regulators.
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CHAPTER 6: METHODOLOGICAL CONSIDERATIONS
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6.1 Introduction
Several methodological considerations relatinghto studies presented in this

thesis are worthy of mention. These are discubsémiv.

6.2 Transcriptional regulation
In these studies, we explored transcriptional ragouh using real time PCR,

assays of transiently transfected reporter gemesChlP assays.

6.2.1 Polymerase chain reaction

In chapter 4, in our studies of endothelin recept@pression, we were
interested solely in whether HASMC expressed theéNmRor the endothelin
receptors, E{ and EE. We therefore used semi-quantitative RT-PCR to
demonstrate the presence of ARTand EER mRNA. In contrast, in our
studies of MCP-1 mRNA expression, we wanted to giyaMCP-1 mRNA
levels to determine any changes in expression @gpomse to ET-1. We
therefore used quantitative real time reverse trgnsse PCR (QRT-PCR) to
measure MCP-1 mRNA. With this technique, amplifidA is quantified as
it accumulates in the reaction in real time aftcheamplification cycle, either
through quantification of fluorescent dyes, such @¥BR Green, that
intercalate with double-stranded DNA (as used is #tudy), or fluorescent
probes that hybridise to a specific DNA target ssupe. This allows for more
accurate quantification of transcripts than the isgmantitative RT-PCR.
Potential pitfalls of dye-based gRT-PCR include-specific amplification and

primer dimer formation, particularly at very lowgat concentrations. In these
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studies, dissociation curve analysis was undertaieh no secondary peaks

suggestive of primer dimer formation or non-spegufiioducts were observed.

6.2.2 Transient transfections

We used FuGene 6 transfection reagent for all fieatisns. FuGene 6 is a
proprietary blend of lipids and other componentspdied in 80% ethanol that
is said to transfect eukaryotic cells with highigéncy and minimal
cytotoxicity (387). We found that this method pnodd acceptable levels of
transfection of plasmid DNA into HASMC, as reflettim detectable levels of
luciferase activity, consistently above backgroutelels. A formal
quantification of transfection efficiency was narformed. Other methods of
transfection include the use of liposomal transbectreagents, such as
Lipofectamine (Invitrogen), or the use of nucledi@e systems such as that
produced by Amaxa. Liposomal reagents probablyehgmilar efficacy to
Fugene 6. Indeed, in published studies from thiswe have found similar
levels of efficacy using Lipofectamine to transfétASMC (184). We have
some experience in our laboratory of using the Asnawcleofection system.
This method combines electroporation with a cqdetyspecific Nucleofector
solution, and is useful for those applications tlegjuire very high transfection
efficiencies, for example gene knock-down protoediksing small interfering
RNA. However, we observed higher levels of cytatiyx using this method
than with standard transfection reagents (LM Cdrbatnpublished
observations). Furthermore, the Amaxa systemagipitively expensive for
applications such as reporter gene assays, wherke Bigh transfection

efficiencies are not essential.
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Reporter gene assays such as those used in thig glace a gene with a
readily measurable product (in this case, firefigiferase) under the control of
the promoter (or other regulatory sequence) of tHrget gene of interest.
Following transfection of the cells with the remrplasmid, cells are treated
with stimuli and/or drugs/inhibitors of interest.The level of luciferase
expression provides a measure of the effect ofrd@ment on activity of the
gene promoter and, by extrapolation, expressioth®ftarget gene. Reporter
gene assays are a relatively simple, convenientnsned studying gene
regulation. However, this technique assumes tatprocess of transfection
does not alter the response of the cells to thatnrent under study.
Furthermore, eukaryotic DNA in its native form dgias chromatin, a complex
structure consisting of DNA wound around 4 corddmes (H2A, H2B, H3,
H4). These histones undergo a number of covalemdiffoations
(acetylation/phosphorylation/methylation) whichukge chromatin unwinding
thereby allowing access of transcription factorshigr binding sites on DNA,
recruitment of essential co-factors and activatafntranscription. Since
eukaryotic genes are normally regulated, in pdmtough this “epigenetic”
code, and since reporter plasmids lack this chnonsdtucture, reporter gene

assays can only give a partial insight into gemgeilagion eventsn vivo.

6.2.3 Chromatin immunopr ecipitation assay
In contrast to reporter gene assays, ChlP assagly gene regulation events
“invivo” (in this contextjin vivo refers to DNA in its native environment in the

form of chromatin). Following treatment with thensulus under study, DNA
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is covalently cross linked to bound proteins (tcaupgion factors, histones,
essential cofactors) through a fixing procedureteAshearing the DNA into
approximately 500bp fragments, DNA bound to thendcaiption factor (or
other protein) of interest is immunoprecipitatedthwan antibody directed
against the relevant protein. After reversal @& ¢hnoss links, the target region
of interest is amplified by PCR using specific pen® spanning the regulatory
region of the gene under study. Thus if a stimuhiggers binding of a
particular transcription factor to the gene promotkeen the amount of PCR
product will be increased. ChIP assays are thexefwre physiological than
some other techniques used to study gene regulatiarh as reporter gene

assays and electrophoretic mobility shift assays.

We used ChIP assays in the studies presented pterthad and 5, to study
transcription factor binding to the MCP-1 promotand to study histone H3
acetylation at the eotaxin promoter in respons&Né&-a. Disadvantages of
ChIP include the need for large amounts of stantiragerial (two 75crhflasks

of cells per condition in this study) and the numbg steps involved in the
procedure, which may potentially lead to some lossample and therefore

some inter-sample variability.

In chapter 4, the magnitude of ET-1's effects ob p&d cJun binding to the
MCP-1 promoter, as measured by semi-quantitativR B@d densitometry, is
modest. For the ChIP studies, we would ideallyehked to quantify the
immunoprecipitated material by gPCR. However, weoeintered a number of

technical difficulties in optimising the gPRC asgay the region of interest of
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the MCP-1 promoter. In ChIP, the quantity of DNixmunoprecipitated is
small, thus the amount of starting material for @R assay is lower than in
some other PCR applications. Although it is impottthat the reaction
efficiency should be as high as practicably possibt all gPCR applications, a
high reaction efficiency and specificity is evenmmaritical where the quantity
of starting material is very small. This requitks design of effective primers,
however, ChIP and gPCR both place certain conssraon primer design.
First, for gPCR applications it is best to aim s short an amplicon as
possible (max 200 bp) to ensure efficient denatmaduring thermal cycling.
Second, in studies of transcription factor bindaygChlIP, the region of interest
is in the gene promoter, and must span the bingiteg for the transcription
factors under study. Together, these two congsdimit the region of DNA to
which one can design primers to hybridize. Idedahg resulting amplicon
should have a GC content of less than 60%, agairensure efficient
denaturation during thermal cycling, yet promotegions are often GC rich.
Within these constraints, using freely availablelioe primer design tools
(CyberGene), we found that most possible primerspidiat could potentially
amplify the region of interest of the MCP-1 promotead potential for
secondary structure (hairpin loop) formation. Desthis, we tested a number
of primer pairs, against a standard curve generdweaigh serial dilutions of
human genomic DNA (hgDNA) but the resulting gPCRict®n was not
sufficiently efficient for accurate quantificatiof immunoprecipitated

products.
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We therefore used semi-quantitative PCR to anadyseChlP data. For each
sample, an aliquot of DNA was removed as an inpuatrol, prior to addition

of antibody (immunoprecipitation step), thus actiag a control for any
variability in the total DNA recovered from eachhgae. Results were then
quantified by densitometry of the immunoprecipitabands, normalised to the
corresponding input and compared with time zerodtcourse experiments) or
untreated samples. To confirm that the PCR prodecderated in the ChIP
studies was indeed from the MCP-1 promoter, thedbaas excised and
sequenced. The sequence products aligned withl@-1 promoter, with no

other hits by NCBI BLAST for the whole human gengroenfirming that the

PCR product was from the MCP-1 promoter.

Another technique that could have been employesupport the ChIP data is
EMSA (electrophoretic mobility shift assay), howethis technique suffers
from the limitation that transcription factors at@nding to synthetic
oligonucleotides, not to native DNA in the formafromatin. Thus EMSA is
a less physiological assay than ChlP, meaningrédsatits must be interpreted

with caution.

6.3 Receptor studies

In our studies of ET-1-stimulated MCP-1 releasehapter 4, the combination
of the presence of mRNA for both ET receptors, amubition of ET-1
mediated responses by bothEahd EE receptor antagonists, provides strong
evidence of the presence and involvement of botepter subtypes. To

provide further evidence of the presence of boteptors at the protein level,
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antibody detection strategies, such as flow cytoyn@t immunofluoresecence
studies could be employed. Although thesEAnd EE receptor antagonists
were used at concentrations that should be sedefdivtheir respective targets
(324, 325), to rule out non-selective effects aragle further evidence of the
involvement of both receptors, molecular approachesh as knock down of

receptor expression with siRNA could have been eygul.

6.4 Kinase studies

There are conflicting reports in the literature aieting the selectivity of the
kinase inhibitors SB203580, PD98059 and SP60012htar targets. Whilst
the concentrations of inhibitors used have preWourseen reported to be
selective for these pathways (328-331), subsegiadies have suggested that
these inhibitors may have non-selective effectssome systems (388).
However, we have previously found, in TN#stimulated HASMC, that
SB203580 (3QuM) does not inhibit phosphorylation of p44/p42 MARId,
similarly, PD98059 (3QuM) does not inhibit phosphorylation of p38 MAPK,
suggesting that these inhibitors are selectiveherr respective targets in these

cells (Clarke DL and Knox AJ, unpublished obsexwad).

Other methods that could have been used to conlfiennvolvement of these
kinases in this pathway include knock-down of kenasffects using, for

example, siRNA, or dominant negative studies inchheells are transfected
with a vector encoding a non-functional varianttué relevant kinase thereby

knocking out the kinase function (389).
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No experimental system is 100% physiological, andl leave their
shortcomings. The studies presented in this thesige performed with the
methodological considerations discussed above mdmiFor this reason, we
have used a range of techniques in our mecharsstidies (eg transient
transfections as well as ChIP assays for studidsaatcriptional regulation).
Consequently, the conclusions drawn from thoseiesudnd presented here

are, we feel, valid and strongly supported by ta ghresented.
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CHAPTER 7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES
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7.1 Conclusions

The purpose of these studies was to explore thénaméxms of inflammatory
response gene regulation in HASMC by mediators@mnokines important in
asthmatic airway inflammation. Specifically, wanaid to identify common
pathways onto which multiple inflammatory pathwaysverge, that may be
targets for future drug development for asthma. stvelied ET-1 and TNE-
as examples of an important inflammatory mediatwr eytokine respectively,
and focused on regulation of chemokine expressismg the two important

chemokines MCP-1 and eotaxin as examples.

We chose primary HASMC for our studies. Thesescse#icrete a variety of
biologically active substances important in asthenarway inflammation and
remodelling. They express receptors for cytokisiesh as TNF and IL-13,
as well as G-protein coupled receptors for mankamimatory mediators (178).
They are thus a useful model system to study réguolaf these pathways and,
as primary cells, are more physiologically représtve than transformed cell

lines.

The main findings of these studies were that EBdulates MCP-1 release
from HASMC transcriptionally, by activating the M&Ppromoter through
binding of the pro-inflammatory transcription facddNFkB and AP-1. ET-
1's effects were mediated via gTand EE receptors, and the downstream
signalling pathway involved p38 and p44/p42 MAPddes. Similarly, the
effects of TNFe on eotaxin expression were also KB-dependent. NkB-

dependent eotaxin expression in response to @M&s been previously shown
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to involve histone H4 acetylation at the eotaximmoter (224). In these
studies, we found that TNé&-mediated eotaxin release did not involve
acetylation of histone H3 at the eotaxin promogerd that alterations in the
levels of HDACs 1 and 2, or of total HDAC activiigid not account for TNF-

a effects on H4 acetylation. Further, that altho&ghand salme downregulate
H4 acetylation and NkB p65 binding, this also was not mediated by change

in HDAC levels or activity.

These findings are novel, in that although theee isolated reports of ET-1
increasing MCP-1 production in endothelial and mggal cells (241, 334), the
mechanisms used by ET-1 to up-regulate MCP-1 egjmeshave not been
studied in any biological system. This is also oheery few studies that have
demonstratedn vivo binding of transcription factors to inflammatorgng
promoters in response to GPCR-activating mediatorSimilarly, the

mechanisms regulating modulation of MB-binding and histone acetylation

in response to TNl at the eotaxin promoter have not been previously

investigated.

The findings of these studies have implications forderstanding the
pathophysiology of asthma. There is an emergindyhaf evidence that the
myriad of intracellular signalling events triggerbd inflammatory mediators
and cytokines may converge on a small number ofnd@am pathways that
are key to the inflammatory response. These patéikey players” include

the MAP kinase pathways (390) and the kB-activating pathway (277).

ET-1 is found in elevated levels in the asthmaiiway and, as discussed in
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chapter 1, plays a significant role in airway infil@ation and
bronchoconstriction in asthma. However, it is gathe accepted that the vast
numbers of cytokines and mediators at play in gthraatic airway leads to a
complex network of overlapping inflammatory respes)sthis explains why
single mediator approaches to treating asthma dqudiugs targeting, for
example, histamine or leukotriene-mediated pathjyvagse limited efficacy.
This has stimulated the research effort aimed exttitying the “key players”
referred to above. We showed that ET-1 stimulst€$-1 release via p38 and
p44/p42 MAPK, enzymes known to also mediate a nurobeytokine-driven
responses (217). Such findings suggest that taggptAP kinases may be of
benefit in the management of inflammatory diseaseh as asthma. There is

evidence from animal models that such a strategyleaeneficial (391).

Like TNF-a-mediated eotaxin release, we found that KifFwas involved in
the transcriptional regulation of MCP-1 by ET-1.P-A was also involved in
this response. This is interesting, as it addhéobody of evidence showing
that these two particular transcription factors keg regulators of multiple
inflammatory responses (277, 278). The RB-pathway in particular has been
the subject of intense study, and inhibition ostpathway has been shown to

reduce inflammation and the late asthmatic responarimal models (361).

Although we did not explore potential synergistiteets in these studies, the
fact that TNFe and ET-1 can both activate common pathways sucthes
MAP kinases and NikB suggests that they may be able to synergisertoeiu

increase inflammatory responses, when present hegeh the complex
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inflammatory milieu of the asthmatic airway. Thisther supports the concept
that targeting these common pathways may be béalefit treating human

disease.

Recently, there has been increasing interest irrdleein inflammatory gene
regulation of chromatin remodelling and the reguiatproteins that bring this
about. Histone acetylation has received the mtentzon in this context.
Cytokines are known to promote histone acetylagbrthe promoters of a
number of inflammatory response genes, includiredydation of histone H4 at
the eotaxin promoter by TN&-(183, 220, 224). In these studies, we have
explored this mechanism in more detail, findingt leaels of HDAC1 and 2
expression and global HDAC activity were not thepansible mechanisms.
Furthermore, alterations in HDAC expression/acgtivieere not responsible for
the effects of FP and salme on THNFstimulated eotaxin expression. These
studies suggest that targeting HDACs therapewjiaaldy not be the most
effective anti-inflammatory strategy, although ibwid be important to explore
whether HDACs are key to regulating other inflamonatresponse genes

before discounting them as potential therapeutgeta.

In conclusion, we have delineated the signallinghway used by ET-1 to
increase MCP-1 expression in HASMC. We have fotimat this pathway
shares some common features with cytokine-medsitgaalling, in particular
that of TNFa. We have extended earlier studies to charactetige
mechanisms by which TN&; GC and LABA modulate transcriptional

regulation at the eotaxin promoter, and shown HRACs do not mediate
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these events. These studies are likely to belefaace to the understanding

and treatment of asthmatic airway inflammation.

7.2 Suggestions for future studies

As discussed in chapter 1, nuclear signalling bdiaters acting at GPCRs is
less well characterised than cytokine-mediatedadiigng. Our studies with
ET-1 therefore focused on intracellular signallirgpascades, promoter
activation and binding of transcription factors ttte MCP-1 promoter. It
would be interesting to extend these studies irfuhee to determine whether
activation of transcription at the MCP-1 promoter BT-1 involves HAT-
mediated chromatin remodelling events similar twsthseen with TNIe- (222-
224). HATs and HDACs have been proposed as egaitaw targets for future
asthma treatments (382), and further characteritiaig roles in inflammatory
gene regulation will be important in clarifying whi of these are the key

regulatory proteins in asthmatic airway inflammatio

In contrast to GPCR-mediated signalling, studiesno€lear signalling by
cytokines are at a more advanced stage. Our stwdid TNFa therefore
focused more on chromatin remodelling events. @ltgh we showed that
global HDAC activity and total HDAC1 and 2 level®re not responsible for
the effects of TNF&, FP and salme at the eotaxin promoter, it is ptesshat
alterations in HDAC recruitment to the eotaxin poter and thence changes in
promoter acetylation status may be responsiblelP @esays could be used to

explore this possibility.

162



In our studies of MCP-1 regulation by ET-1, we usg#dbitor studies to show
that MAP kinases were involved in the signallinghpeay. Although we have
data from our lab to show that these inhibitors aedective, at the
concentrations used, for their respective targetslASMC (Clarke DL and
Knox AJ, unpublished observations), it would stiteg our observations to
confirm these findings using molecular strategieshsas siRNA or dominant
negative kinases. It would also be of interestd&ineate the signalling
cascades in more detail. Our studies suggestediha activates AP-1 by a
JNK-independent mechanism in these cells. Thi liecognised (352, 353),
but not commonly reported phenomenon, and it wéaéldnteresting to know
exactly which upstream kinases were responsiblevould also be appealing
to determine whether, like TN&-mediated events, steroids and LABA can
alter the expression of MCP-1 in response to E®iid to explore the

mechanisms involved.

Finally, our studies were performed in HASMC dedvieom non-asthmatic
donors. As discussed in section 1.4.6, a numbérnaftional differences have
been identified between cells derived from normral asthmatic donors. The
phenomena described in this thesis are worthyuafysin asthmatic cells. It is
possible that there are significant differences thay be of pathophysiological
relevance. Comparative studies in asthmatic ceitsild give the most

accurate assessment of the relevance of the effectiescribe here.
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APPENDIX: CELL VIABILITY STUDIES
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The effect on cell viability of the stimulants amdhibitors used in these studies
was assessed by MTT assay. In all of the followiggres, MTT assay was
performed after 24 h treatment with stimulantsfors. Optical densities
were read at 550 nm in a microplate reader. Mighitas compared to that of
control cells, with viability of controls definedd00%. Cell viability with all
chemicals/inhibitors used in this study was grettan 90% of that of control

cells as shown in the following figures.
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Figure A.1 Effect of Bosentan on HASMC viability
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Figure A.4 Effect of SP600125 on HASMC viability
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Figure A.5 Effect of LY294002 on HASMC viability
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